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EFFECT  OF  Si02  ON  GRAIN  GROWTH  AND  DENSIFICATION 
OF  ALUMINA  PREPARED  BY  SOL-GEL  TECHNIQUE 


Hal -Poo  KIM  and  Hwan-Kyu  Kang 

Korea  Institute  of  Machinery  &  Metals 

66  Sangnam-dong,  Changwon  641-010,  Korea 


1.  Introduction 

Alumina  is  one  of  the  most  important  technical  ceramics  and  has  been  intensively 
investigated  because  of  its  versatile  applications.  In  alumina  technology  each 
property  is  strongly  dependent  on  the  microstructure.  For  example,  mechanical  and 
electrical  properties  will  be  improved  when  grain  size  and  porosity  are  reduced  to 
minimum;  that  means,  grain  growth  should  be  suppressed  and  densification  be 
enhanced  during  sintering  process. 

There  are  many  ways  to  meet  such  requirements,  one  of  which  is  the  use  of  additives. 
If  small  amount  of  additive  ( normally  2+  or  4+ )  is  dissolved  in  alumina  lattice,  Al^"*" 
site  is  replaced  by  the  additive  cation,  which  increases  the  concentration  of  defects, 
thus,  enhances  the  diffusion  process. 

The  most  popular  additive  for  alumina  sintering  is  MgO.  The  most  widely  accepted 
Coble  theory  (  1-3  )  says  oxygen  ions  transport  faster  along  grain  boundaries 
accompinied  with  the  volume  diffusion  of  aluminium  ions  which  is  the 
rate-determining,  which  leads  to  the  idea  that  both  2+  and  4+  additives  enhance  the 
sintering  of  alumina  due  to  the  formation  of  aluminium  interstitials  and  aluminium 
vacancies,  respectively. 

Recently,  the  enhanced  grain  boundary  diffusion  of  oxygen  ion  has  been  argued  by 
Reynen  and  Kim  (  4  ),  based  on  the  works  of  Kroger  (  5-7  ),  in  which  the  diffusing 
species  on  grain  boundaries  is  not  oxygen  ions  but  oxygen  atoms.  Reynen  and  Readey 
theory  (8-11)  predicts  that  sintering  process  of  alumina  would  be  retarded  by  doping 
4+  due  to  the  decrease  in  oxygen  vacancy  concentration  . 

In  this  study,  change  in  sintering  behavior  with  a  SiC>2  additive  (4+)  is  discussed  in 
relation  with  microstructural  development. 
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In  paticular,  the  general  sintering  temperature  of  alumina  is  over  1600°C,  which  is 
above  the  eutectic  temperature  in  binary  system  of  AI2O3  -  SiC>2  and  ,therefore,  the 

use  of  SiC>2  as  sintering  additive  for  alumina  of  which  sintering  temperature  is  over 

1600°C  has  not  been  considered  in  previous.  However,  recent  research  trend  in 
alumina  technology  is  towards  the  low  temperature  sintering  of  alumina;  Yeh  and 
Sacks  (  12  )  suceeded  to  sinter  alumina  near  theoretical  density  (  TD  )  at  1150  °C, 
which  was  difficult  to  imagine  in  previous  days.  Furthermore,  some  alumina  powders 
produced  in  industries  sinter  to  near  TD  at  <  1550  °C  which  is  below  the  eutectic 
temprature  of  AI2O3  -Si02  system.  Threfore,  it's  meaningful  to  assess  the  effect  of 

Si02  as  an  additive  for  alumina  powder  which  sinters  at  very  low  temperature. 

2.  Experiments 

0,  100,  1000,  10000  ppm  of  Si(>2  were  doped  to  alumina  through  sol  -  gel  process  in 
order  to  be  sure  that  small  amounts  of  SiC>2  additive  are  homogeneously  mixed  (  Fig. 
1  ) .  Table  1  shows  the  impurities  of  the  starting  materials  .  Especially  alumina  seed 
( <  0.5  pm  )  has  been  prepared  by  sedimentation  method  .  Gels  have  been  dried  at 
70  0  C  for  two  weeks  in  drying  oven  and  gel  fragments  of  over  1  cm  in  size  were 
collected  for  sintering  experiments. 

DTA-TG  analysis  was  performed  in  order  to  determine  the  transformation  temperature 
of  boehmite  to  « -  AI2O3. 

A  series  of  gel  fragments  was  sintered  at  1350  °C,  1450  °C,  1550°C  for  3,  30,  300 
mins,  in  air  .  Up  to  900  °C  heating  rate  was  3  °C/min  in  order  to  avoid  the  cracks 
followed  by  10  °C/min  to  the  desired  temperatures. 

The  bulk  density  after  sintering  was  measured  by  Archimedes  principle  and,  for  the 
specimen  with  open  pores,  they  were  coated  with  lacquer  before  measuring  density. 

The  microstructures  were  investigated  by  scanning  electron  microscope  after 
polishing  and  thermal  etching. 
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Fig.  1.  Schematic  diagram  for  the  preparation  of  gel  specimens 


Tabic  1.  The  impurities  of  the  materials  used 


(wt.%) 


AlOOH* 

Si02~ 

A1A“' 

A1A 

0.05 

Si02 

0.022 

0.04 

Ti02 

0.03 

Fe203 

0.016 

0.003 

0.01 

Na20 

0.002 

0.03 

carbon 

0.4 

HC1 

0.005 

average  particle 

11 

7 

300 

size  (mm) 

BET(mVgr) 

180 

380 

5 

LOI 

<2.5 

0.1 

n2o 

<  1.5 

0.2 

*  AlOOH  Disperal  R  Alumina,  Condea  Chemie,  W.  Germany 
**  Si02  Amorphous  fumed  silica,  Degussa,  W.  Germany 
***  A1203  Ceralox  HPA  alumina,  Ceralox,  U.  S.  A. 


3.  Results  and  Discussions 

Fig. 2  shows  the  DTA  -  TG  results  of  each  gels  which  has  been  dried  for  2  weeks  at  70 
°C.  Boehmite  transforms  to  a  -  AI2O3  at  1210  °C  while  seeded  specimen  as  well  as 

seeded  specimen  doped  with  Si02  transform  to  a  -  AI2O3  at  1100°C.  The 

transformation  temperature  of  1100  °C  is  relatively  higher  than  the  previous  reports  ( 
13-15  )  which  may  reflect  no  special  treatment  for  boehmite  powder  to  eliminate  the 
agglomerates. 

The  density  of  the  sintering  at  various  conditions  were  shown  in  Fig.  3.  At  low 
temperature  and  short  sintering  time,  seeded  specimens  without  SiC>2  additive  show 

higher  density  than  those  with  SiC>2  additive  while,  at  higher  temperature  and 
prolonged  sintering  time,  they  show  at  least  same  density  or  reverse. 

Without  SiC>2  additive  sintered  density  does  not  go  above  99  %  TD  even  with  1550 
°C,  300  min  sintering  while  ,  with  SiC>2  additive,  it  goes  above  99  %  TD. 
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Fig.  3.  Change  in  density  at  various  conditions 


This  possibly  suggests  that  Si02  additive  decreases  the  grain  growth  and  densification 

during  initial  and  intermediate  stage  sintering,  however,  also  inhibits  the  onset  of 
discontinuous  grain  growth,  thus  ,  leading  to  higher  density. 

This  view  is  further  supported  by  the  plot  of  grain  size  against  percent  theoretical 
density  (  Fig.  4  ). 

The  seeded  specimen  without  Si02  additive  shows  the  increase  in  grain  size  with  the 
increase  in  density  followed  by  the  rapid  increase  in  grain  size  as  the  density 
approaches  the  theoretical  density.  The  seeded  specimens  with  SiC>2  additive  show 

very  little  grain  growth  until  -  93  -  95  %  TD,  beyond  which  relatively  lesser  grain 
growth  occurs  than  the  above  case. 
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Fig.  4.  The  plot  of  grain  size  vs  percent  theoretical  density.  The  sintered  density 
just  after  transformation  to  <*  -alumina  (sintered  at  1120°C)  was  measured 
to  60  %  TD  and  grain  size  was  calculated  from  BET  data. 


It  seems  clear  that  SiC>2  additive  retards  the  grain  growth  of  alumina  until  the  end  of 

intermediate  stage,  enables  the  pores  remain  attached  to  grain  boundaries,  thus  , 
enables  them  to  sinter  to  near  theoretical  density.  This  also  means  that  grain  growth 
rate  is  relatively  slow  when  pores  are  interconnected  while  it  becomes  relatively  rapid 
when  pores  are  isolated.  Without  SiC>2  additive  grain  growth  is  not  retarded  and  , 

thus  ,  an  isotropic  grain  growth  and  discontinuous  grain  growth  are  quite  possible. 

The  microstructural  evidence  for  above  arguments  is  presented  in  Fig.  5. 

Fig.  5  shows  the  difference  in  microstructures  between  seeded  specimen  and  seeded 
+  1000  ppm  SiC>2  specimen  sintered  at  1550  °C  for  3  and  300  mins. 

Without  SiC>2  additive,  large  anistropic  and  discontinuous  grain  growth  occurred  at 
1550  °C,  300  mins  sintering  while,  with  SiC>2  additive,  no  anisotropic  and 
discontinuous  grain  growth  occurred  and  its  microstructure  is  characterised  by  high 
density  with  small  grain  size. 
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2wt%  seed 


2  wt  %  seed  +  1000  ppm  Si02 


mins. 

Fig.  5.  Microstructural  development  of  seeded  specimen 

with  and  without  SiC>2  additive  sintered  at  1550  °C  in  air 

Especially,  the  seeded  specimen  with  1000  ppm  Si02  sintered  at  1550  °C,  3  min 

shows  ~  95  %  TD  and  0.6  mm  mean  grain  size,  which  seems  to  be  just  the  end  of 
intermediate  stage.  This  specimen  shows  that  all  the  pores  remain  at  grain  comers  or 
grain  boundaries,  which  is  the  favourable  situation  for  densification  to  TD,  thus, 
resulting  in  the  near  TD. 

The  solubility  of  SiC>2  in  AI2O3  at  high  temperature  is  not  known.  If  we  assume  that 

the  solubility  of  Si(>2  in  AI2O3  is  very  low,  the  remarkable  retarding  effect  of  SiC>2  on 

the  grain  growth  is  possibly  due  to  the  second  phase  formation,  i.e.  mullite.  The 
formation  of  mullite  through  sol  -  gel  process  has  been  reported  by  Ismael  et  al.  (  16  ) 
in  which  mullite  starts  to  be  observed  at  1300  °C  and  ,  at  1400  °C  -  1  hour,  all  XRD 
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peaks  correspond  to  mullite.  The  sintering  temperatures  employed  in  this  experiment 
are  high  enough  to  give  mullite,  which  was,  however,  not  yet  detected  because  of  its 
extreme  small  grain  size  and  small  quantity. 

4.  Conclusions 


Without  additive  grain  growth  is  not  retarded  and,  thus,  anisotropic  and  discontinuous 
grain  growth  are  inevitable  at  high  temperature. ' 

SiC>2  additive  retards  the  grain  growth  of  alumina  until  the  end  of  intermediate  stage,. 

enables  the  pores  remain  attached  to  grain  boundaries,  thus,  enables  them  to  sinter  to 
near  theoretical  density. 

The  remarkable  retarding  effect  of  Si02  on  grain  growth  of  alumina  is  possibly  due  to 
the  second  phase  formation,  i.e.  mullite. 
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THE  INTERFACIAL  SEGREGATION  OF  Mg  AND 
Ca  DURING  SINTERING  OF  ALUMINA 
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Comparative  studies  on  the  interfacial  segregation  behaviors  of  Mg  and  Ca  using  doped 
single-crystalline  and  polycrystalline  alumina  demonstrated  that  their  interfacial 
segregation  behaviors  are  markedly  different  each  other.  Ca  tends  to  segregate  on 
certain  crystallographic  surfaces  or  grain  boundaries*  while  Mg  enrichment  is  insensitive 
to  the  orientation  or  structure  of  interfaces.  It  is  suggested  that  the  anisotrpy  in  the 
interfacial  segregation  behaviors  of  certain  impurities,  notably  CaO,  is  responsible  for 
the  abnormal  grain  growth,  whereas  MgO  promotes  homogeniety  of  interfacial 
characteristics  and  enhance  the  development  of  uniform  microstructures  during  final 
stage  of  alumina*  sintering. 


I.  INTRODUCTION 

Production  of  ceramic  components  involves,  without  exception,  a  sintering  process  -  a 
final  step  to  achieve  a  desired  density  and  shape.  Through  experience,  it  has  been  found  that 
sintering  of  ceramic  materials  to  theoretical  densities  often  requires  the  addition  of  small 
amounts  of  sintering  aids.  A  classical  example  is  an  addition  of  less  than  0.25  wt  X  MgO  in 
Al203[l-2].  Similar  instances  are  found  in  the  addition  of  boron  in  SiC  [3],  Carbon  in  TiB2l4] 
Th02  in  Y203  [5]  and  so  on.  However,  the  role  of  such  additives  in  the  sintering  process  is 
yet  poorly  understood,  even  though  the  technique  has  been  used  extensively  in  the  commercial 
production  of  various  ceramic  components. 

Similarly,  certain  impurities  have  to  be  carefully  controlled  below  a  certain  limit  in 
order  to  achieve  reasonable  densities.  Prominent  examples  are  oxygen  in  SiC[6J  and  T1B2[7J 
and  CaO  in  A1203[8].  Again  why  these  elements  are  especially  harmful  if  they  are  present 
above  certain  levels  is  not  yet  clearly  answered. 

The  system  that  has  been  receiving  most  attention  in  the  ceramic  community  is  MgO 
(sintering  aid)  and  CaO  (harmful  impurity)  in  A1203.  A  small  addition  of  MgO  prevents 
premature  abnormal  grain  growth  and  promotes  complete  removal  of  porosities  during  the  final 
stage  of  densification  of  alumina.  One  of  the  explanation  for  the  role  of  MgO  is  that  it  tends 
to  segregate  to  the  grain  boundaries  and  reduces  the  boundary  mobility  by  a  "solute  drag 
mechanism"  [9,10].  Many  attempts  [9-12]  were  made  to  confirm  the  hypothesis  utilizing  various 
surface  chemical  analyzers  such  as  Auger  electron  spectr  scope  (AES)  and  X-ray  photoelectron 
spectroscope(XPS).  Grain  boundaries  were  exposed  in  the  analyzers  and  examined  to  see  if  any 
traces  of  Mg  were  present  after  sintering.  However,  Ca  segregation  always  prevailed,  while  the 
evidence  of  Mg  segregation  was  margined  or  inconclusive  in  most  cases. 

Interestingly,  Ca  is  not  effective  for  controlling  abnormal  grain  growth  even  though  it 
is  such  a  strong  grain  boundary  segregant.  With  the  marginal  evidence  of  Mg  segregation, 
alternative  explanations  for  the  role  of  MgO  and  CaO  in  A1203  have  been  sought. 
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We  have  been  conducting  a  series  of  experiments  using  doped  sspphire  to  test  if  Mg  and/ 
or  Ca  tends  to  segregate  on  the  free  surfaces[  13-16).  Important  kinetic  as  well  as  thermody¬ 
namic  parameters  were  determined  for  each  components.  At  least  two  crystallographic  orien¬ 
tations -(0001)  and  (1010)  surfaces  -  were  tested.  Then  we  reexamined  the  behaviors  of  grain 
boundary  segregations  of  Mg  and/or  Ca  using  ultra-high  purity  alumina  powder,  and  compared 
its  results  with  those  of  surface  segregation  experiments.  In  this  paper,  important  findings 
are  summarized  and  their  implications  to  the  alumina  sintering  are  discussed. 


2.  SURFACE  SEGREGATION 
2.1  Magnesium  Segregation 

(0001)  Plane 

Strong  enrichment  of  Mg  has  been  observed  when  a  sapphire  crystal  doped  with  40  ppm 
of  Mg  was  annealed  above  1200°C  in  air  [13].  In-situ  vacuum  annealing  and  Auger  analysis  at 
900-1800 °C  failed  to  reveal  Mg  segregation  presumably  due  to  the  fast  evaporation  of  segrega¬ 
ting  species.  The  equilibrium  surface  concentration  of  Mg  in  the  annealing  temperature  range 
1300-1500°C  follows  Langmuir-type  equilibrium  isotherm  with  an  effective  heat  of  segregation, 
-1.9  eV  as  shown  in  Fig.  1.  It  is  interesting  to  note  that  the  enrichment  of  Mg  is  confined 
only  in  the  top  monolayer  and  its  maximum  enrichment  factors,  a  ratio  of  surface  concentration 
to  the  bulk  concentration  is  as  high  as  3000  at  1300 °C. 

(1010)  Plane 

Annealing  the  crystal  in  air  also  led  to  surface  enrichment  of  Mg  on  the  prismatic  plane  of 
sapphire  [16].  In  this  particular  experiment,  Mg  was  doped  in  the  crystal  by  ion  implanation 
technique  and  the  surface  region  of  high  concentration  was  removed  by  Ar+  ion  sputtering. 
However,  its  segregation  behavior  was  quite  similar  with  that  on  the  basal  plane.  Fig.  1.  also 
shows  the  normalized  surface  concentration  of  Mg  versus  the  inverse  of  annealing  temperature. 
The  heat  of  segregation  calculated  from  its  slope  is  -1.4  eV,  which  is  a  bit  lower  than  that  for 
the  (0001)  plane.  The  reason,  in  author's  opinion,  is  due  to  the  differences  in  io.nic  structures 

of  each  surface. 

On  the  other  hand,  annealing  the  crystals 
in  vacuum  showed  no  trace  of  Mg  on  the  surface 
at  any  temperature  due  to  a  possible  evapora¬ 
tive  evaporative  loss  of  Mg.  Instead,  Ca  was 
found  to  segregate  strongly  although  the  bulk 
concentration  of  Ca  was  thought  to  be  in  the 
range  of  a  few  ppm  or  less. 

(1012)  Plane 

This  is  one  of  the  low  energy  planes, 
which  is  also  known  to  be  a  primary  cleavage 
plane  of  sapphire.  It  is  thus  expected  that 
thermodynamic  driving  force  for  any  solute  in 
the  crystal  lattice  to  migrate  from  the  lat¬ 
tice  site  to  the  surface  ionic  site  in  this 
rhombohedral  plane  should  be  comparable  or 
even  higher  than  those  for  the  basal  or  prism 
planes.  However,  no  study  on  the  segregation 
to  this  plane  has  been  reported  yet. 

f  2.2  Calcium  Segregation 

(0001)  Plane 

Utilizing  the  crystals  doped  intentionally 
with  about  40  ppm  of  Ca,  extensive  search  for 
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Fig.  1  Experimental  results  on  surface 
segregation  of  Ca  in  alumina 
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any  evidence  of  Ca  enrichment  on  this  surface  has  been  perfomed  [15].  But,  .unexpectedly,  no 
evidence  of  Ca  presence  on  the  surface  could  be  found  under  the  experimental  conditions  that 
have  been  used  in  the  M g  segregation  studies.  Regardless  of  the  annealing  conditions,  in  air 
or  in  vaccum,  the  Auger  signals  corresponding  to  Ca  were  shown  to  be  barely  above  the  detec¬ 
tability  limits  of  the  Auger  Elctron  Spectroscope  used  in  the  experiment.  Fig.  2.  shows  its 
results.  Therefore,  the  difference  in  the  segregation  behaviors  between  Mg  and  Ca  is  quite 
dramatic  for  this  basal  plane.  The  mechanistic  reason  is  not  clearly  understood  yet.  But  a 
a  plausible  reason  is  that  Ca2+  ion,  having  ionic  radii  almost  twice  as  large  as  that  of  A13+ 
ion  can  not  be  accomodated  in  the  basal  plane  whereas  Mg2+  ion  can  easily  replace  A13+  ion  of 
similar  size.  In  order  to  substantiate  this  proposition,  it  is  necessary  to  understand  the 
surface  structures  of  saphhire. 

T  i“C) 
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1000 


(1010)  Plane 

Strong  enrichment  of  Ca  on  this 
plane  was  confirmed  above  1300°C  as 
shown  in  Fig. 2  [15].  A  small  but 
noticable  amount  of  Ca  was  detected 
even  below  1300°C.  However,  as  ob¬ 
served  in  the  case  of  Mg  segregation 
dramatic  increase  in  Ca  enrichment 
occurred  above  1300°C.  Depth  profil¬ 
ing  of  enriched  surface  by  Ar  ion 
sputtering  demonstrated  that  the  se¬ 
gregation  was  confined  only  top  mo¬ 
nolayer  and  the  distribution  of  sur¬ 
face  Ca  was  uniform  across  the  en¬ 
tire  surface.  .  In  the  temperature 
range  1300-1500dC,  the  normalized 
surface  concentration  of  Ca  follows 
a  Langmuir  type  equilibrium  isotherm 
with  a  heat  of  segregation,  -1.75eV. 

However,  the  lack  of  its  reversibil¬ 
ity  with  respect  to  the  annealing 
steps  whether  its  temperatures  are 
ascending  or  descending,  makes  its 
adoption  only  tentative. 

As  mention  above,  strong  se¬ 
gregation  of  Ca  is  also  reported  for 
this  plane  when  a  sapphire  crytal 
doped  with  Mg  was  annealed  in  vaccum. 

Extremeiy  high  evaporation  rate  of  Mg  in  comparison  to  Ca  is  believed  to  be  as  low  as  a  few 
ppm  or  less.  In  the  air  annealed  samples  this  was  absent  due  to  the  presence  of  Mg.  It  thus 
appears  that  Mg  can  successfully  compete  for  surface  segregation  sites  and  be  highly  effective 
in  repelling  Ca  once  they  occupy  surface  sites. 

McCune  and  Ku[17]  Also  measured  Ca  enrichment  on  this  plane  and  reported  similar  results 
even  though  undoped  commercial  sapphire  crystals  were  used  in  the  experiments.  The 
reported  heat  of  segregation  is  also  consistent  with  our  values. 


Fig. 


2  Experimetal  results  on  surface 
segregation  of  Ca  in  alumina 


(1012)  Plane 

We  did  not  measure  the  surface  segregation  for  this  particular  plane,  but  there  exits  an 
evidence  that  Ca  also  tends  to  segregate  to  the  rhombohedral  plane  in  the  literature.  McCune 
and  Ku  [17]  reported  that  the  enrichment  factor,  the  ratio  of  surface  to  bulk  concentration,  they 
measured  at  1400°C  was  1348  with  a  sapphire  crystal  containing  26  ppm  of  Ca  as  an  impurity. 
Further  studies  in  wider  temperature  range  are  necessary. 
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3.  GRAIN  BOUNDARY  SEGREGATION 


3*1.  Magnesium 

Wo  have  re-examined  using  AES  grain  boundaries  of  alumina  sintered  in  the  temperature 
range  1300-1500*0  in  air.  This  sintering  condition  was  proved  to  give  maximum  enrichment  of 
Mg  as  well  as  Ca  to  the  free  surface.  The  specimen  was  made  of  Alumina  powder  of 
ultra-high-purity  (>99.999%)  doped  with  300  ppm  MgO.  However,  we  could  not  achieve  the 
minimum  detectability  required  (e.g.  I(Mg)/I(Al)  >  0.05  at  1300° C),  and  failed  to  identify  Mg 
presence  in  the  grain  boundaries. 

Interestingly,  Ca  did  not  appear  on  the  grain  boundaries  either  in  all  the  experimental 
conditions,  even  though  its  detectbility  limit  [  I(Ca)/I(Al)  ]  is  as  low  as  0.01.  This  implies 
thut  the  Ca  content  in  the  powder  is  sufficiently  low,  probably  below  a  ppm  level. 

3.2.  Calcium 

100  ppm  CaO  doping 


Extremely  high  concentraion  of  Ca  was  detected  especially  in  the  grain  boundaries  of 
alumina  specimens  sintered  at  1300 °C  and  1400  °C.  However,  the  Ca  enrichment  factor  varied 
markedly  depending  on  the  location  of  the  grain  boundaries,  as  shown  in  Fig. 3.  This  is 
consistent  with  the  previous  results  on  the  anisotropic  segregation  behaviours  of  Ca  on  the 
free  surfaces.  Apparently  Ca  segregation  depends  strongly  on  the  crystallogrphic  orientation 
of  grain  boundaries  of  alumina. 

100  ppm  CaO  +  300  ppm  MgO  doping 


Further  addition  of  300  ppm  MgO  reduced  the  Ca  concentration  in  the  grain  boundary 
particularly  at  1300*  C  and  1400  C.  At  the  same  time,  anisotropic  behavior  of  Ca  segregation 
dissappeared.  We  failed  to  locate  Mg  during  AES  measurement  due  to  the  low  detectability  of 
our  spectroscope.  However,  it  appears  that  Mg  establishes  its  grain  boundary  concentration 
rapidly  and  suppresses  massive  enrichment  of  Ca  in  the  grain  boundaries  which  are 
particularly  favorable  to  Ca  segregation. 


1500  1400  I  300  *C 
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Fig. 3  Grain  Boundary  Seggregation 
of  Ca  with  and  without  MgO 
co-doping 
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4.  SUMMARY 


Ineffectiveness  of  CaO  as  a  sintering  aid  for  alumina  may  be  related  to  the  anosotropic 
segregation  behavior  of  Ca  ions  to  the  interfaces  including  grain  boundaries  and  pore  surfaces. 
Whereas,  the  reason  why  MgO  is  so  effective  in  controlling  abnormal  grain  growth  may  be 
because  Mg  segregation  is  relatively  homogeneous  throughout  all  the  interfaces,  and  enhances 
structural  homogenety  of  interfaces.  Mg  trends  to  establish  uniform  concentrations  along  all 
the  boundaries  rapidly  and  neutralize  the  orientational  and  structural  anisotropy  which  is 
responsible  for  the  abnormal  grain  growth  particulary  in  the  final  stage  of  alumina  sintering. 
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Tetragonal  to  monoclinic  phase  transformation  was  studied 
bv  in-situ  X-ray  diffraction  technique  on  the  ground  and 
polished  surfaces  of  tetragonal  zirconia  polycrystals  contain¬ 
ing  2.5  mol%  yttria.  Monoclinic  phase  content  by  thermal 
stress-induced  transformation  has  a  maximum  value  at  25U  o 
and  much  greater  (111)  peak  intensity  than  (111)  was  observed 
similarly  as  found  on  the  specimens  associated  with 
mechanical  stresses. 


Poly  crystalline  y ttria-stabilized  zirconia  (Y-TZP)  is  well 
known  to  exhibit  high  strength  and  high  fracture  toughness,  which 
are  derived  from  the  transformation  of  metastable  tetragonal  (t) 
to  monoclinic  (m)  zirconia  under  the  action  of  imposed  stresses 
in  the  near  stress  field  of  a  crack  tip.  T  to  m  transformation 
is  enhanced  not  only  by  mechanical  stresses  but  also  by  thermal 
stresses.  Many  experimental  observations  show  that  the  trans¬ 
formation  by  thermal  stress  is  induced  around  200  to  300° C  [1-4]. 

In  the  present  work,  in  order  to  determine  the  direct 
martensitic  temperature,  in-situ  observation  of  the  structural 
changes  is  carried  out  on  the  ground  and  polished  surfaces  of 
2.5  mol%  Y-TZP  by  X-ray  diffraction  and  the  relation  of  intensity 
changes  between  the  thermal  and  mechanical  stresses  is  discussed. 


Experimental  procedure 
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Poly  cry  stalline  ZrC>2  materials  stabilized  with  2.5  mol%  Y2O3 
containing  0.5  mol%  AI2O3  were  prepared  by  the  method  previously 
reported  [5],  The  test  specimens  were  prepared  by  pressureless 
sintering  and  hot  isostatic  pressing.  The  powder  was  first 
isostatically  pressed  at  200MPa  and  heated  gradually  from  room 
temperature  to  900 °C  at  a  rate  of  50°C/h  and  finally  held  at 
1450°C  for  2h. 

Hot  isostatic  pressing  was  carried  out  on  samples  pressed  at 
200  MPa  and  presintered  for  2h  at  1400°C  so  as  to  obtain  the 
material  with  a  density  not  less  than  97%  of  the  theoretical 
density;  an  unencapsulated  sample  was  raised  from  room 
temperature  to  the  maximum  temperature  at  a  rate  of  700°C/h  in 
an  argon  atmosphere;  the  gas  pressure  was  adjusted  to  rise  slowly 
so  as  to  reach  200MPa  at  maximum  temperature;  the  sample  was 
treated  at  1400°C  for  1.5h.  The  specimens  obtained  were  ground 
with  a  400-grit  diamond  wheel  and  then  with  10-ym  diamond  paste 
to  an  optical  finish.  The  surfaces  of  these  specimens  received 
further  polishing  with  5-  and  3-ym  diamond  pastes. 

The  X-ray  diffraction  measurements  were  performed  with 
graphite  monochromated  Cu  Ka  radiation  with  an  electronic 
furnace  on  a  goniometer  under  dried  nitrogen  gas  atmosphere. 

A  Rigaku  diffractometer  (model  RU-200B)  was  used  by  operating  at 
50kV-200mA  in  step  scan  mode  with  a  0.01  20  step  and  a  counting 
time  of  1  sec  per  step  over  20  range  27°  to  40°.  This  covers 
the  monoclinic  (ill)  peaks  and  tetragonal  {ill}  and  (002}peaks. 
M-phase  contents  and  intensity  ratios  of  m( 1 1 1 ) / m ( 1 1 1 )  and 
t(002)/t( 200)  were  estimated  from  the  relative  areas  under  {ill} 
and  {002}  profiles  using  the  method  of  Garvie  and  Nicholson  [6]. 
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Resuls  and  discussion 

Figure  1  shows  the  XRD  profiles  for  the  ground  surfaces  after 
heating  to  800 °C  and  then  cooling  to  200°C  and  keeping  for  5  to 
lOh.  M-phase  contents  and  X-ray  intensity  ratios  of  (002)/(200) 
tetragonal  and  (llT)/(lll)  monoclinic  peaks  are  summarized  in 
Table  1.  M-phase,  which  appears  on  the  ground  surface  at  room 
temperature,  almost  disappears  when  the  sample  is  heated  to  800°C. 
When  the  sample  is  cooled  to  200 °C  from  800  C,  the  m  —  phase 
increases  gradually  with  the  increase  of  heating  time. 

The  riversal  of  the  intensity  ratio  of  the  (002)/(200) 
tetragonal  peaks,  which  might  be  interpreted  as  the  domain 
switching,  is  also  observed  on  the  above  specimens  [7,8]. 

Figure  1  shows  that  this  riversal  of  tetragonal  peaks  is  stable 
when  heat  treatment  is  conducted. 


Table  1  Effects  of  thermal-stresses 
on  the  m-phase  contents  and  XRD 
intensities 


M-phase  contents (X)  Intensity  ratio 

T (002) / (200)  M(llT)/M(|l|) 

R.T. 

5.0 

4.2 

10.3 

800’C 

1.5 

3.1 

5.8 

200*C  Oh 

2.2 

3.5 

6.5 

2 0 0*C  5h 

2.7 

3.3 

7.4 

2  0  0  "C  1  Oh 

3.0 

3.3 

8.1 

Fig.  1  XRD  profiles  for  the  ground 
surfaces  of  2.5Y-TZP  after  thermal- 
stresses  . 
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Figures  2  and  3  show  the  XRD  profiles  for  the  polished 
surfaces  of  hipped  specimens  and  pressureless  sintered  specimens, 
respectively.  Figures  2(a)  and  3(a)  show  the  profiles  of 
specimens  which  are  measured  immediately  after  heating  to  200, 
225,  250,  275,  and  300°C.  Figures  2(b)  and  3(b)  show  the 

profiles  of  specimens  which  are  measured  after  keeping  for  lh  at 
the  settled  temperature.  M-phase  contents  and  m ( 1 1 1 ) / m ( 1 1 1 ) 

intensity  ratio  of  these  specimens  are  summalized  in  Table  2. 

M-phase  content  of  hipped  specimens  measured  after  keeping 
for  lh  at  the  settled  temperature  becomes  larger  with  the 
increase  of  heating  temperature  and  reaches  maximum  at  250°C  and 
then  decreases  with  the  increase  of  heating  temperature  from  275 
to  300°C.  When  measured  immediately  after  heating  to  the 
settled  temperature,  the  amount  of  m-phase  is  not  so  large  as 
that  measured  after  keeping  for  lh,  although  the  amount  of 
m-phase  reaches  to  the  maximum  value  at  250  dC. 

In  case  of  pressureless  sintered  specimens,  on  the  contrary, 
comparative  amount  of  m-phase  is  observed  in  all  range  of  the 
heating  temperature  from  200  to  300°C  even  on  the  specimens 
observed  just  after  heating  to  the  settled  temperature. 

The  difference  of  the  amount  of  m-phase  content  can  be 
attributed  to  the  difference  of  grain  size  and  density  between 
hipped  and  pressureless  sintered  specimens.  The  grain  size  of 
the  hipped  specimen  of  density  of  6.07  Mgm  ,  is  slightly 
finer  than  pressureless  sintered  specimen,  the  density  of  which 

_  n 

is  about  6.00  Mgm  due  to  the  lower  sintering  temperature. 
Therefore  the  rate  of  t  to  m  transformation  of  hipped  specimen 
is  not  so  high  as  that  of  the  pressureless  sintered  specimens. 
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30  35  30  35 

28  (deg.)  2®  (^e9  ) 

Fig.  2  XRD  profiles  for  the  polished  surfaces  of  hipped  specimens 
(a)  immediately  after  heating  to  and  (b)  after  keeping  for  lh  at 
200,  225,  250,  275  and  300°C. 


Fig.  3  XRD  profiles  for  the  polished  surfaces  of  pressureless 
sintered  specimens  (a)  immediately  after  heating  to  and  (b)  after 
keeping  for  lh  at  200,  225,  250,  275  and  300  C. 
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Table  2  Effects  of  thermal-stresses  on  the  m-phase  contents 
and  XRD  intensities 


HIP  PS 

M-cont»nts  M(| |I)/M(| 1 1)  M-conlenls  M(l lI)/M(| 1 1) 


R.T. 

0. 

3 

5. 

1 

0. 

8 

3. 

0 

200*C 

Oh 

0. 

6 

6. 

3 

1. 

8 

8. 

5 

lh 

1  . 

0 

6. 

2 

2. 

3 

5. 

5 

225’C 

Oh 

0. 

7 

8. 

0 

2. 

0 

9. 

3 

lh 

1  . 

4 

1  2. 

0 

2. 

4 

5. 

2 

250*C 

Oh 

1  . 

2 

7. 

2 

2. 

2 

6. 

3 

lh 

2. 

6 

1  4. 

0 

3. 

0 

7. 

0 

275*C 

Oh 

0. 

5 

5. 

3 

2. 

2 

9. 

0 

lh 

0. 

6 

6. 

3 

2. 

8 

9. 

9 

3  0  0  *C 

Oh 

0. 

3 

2. 

7 

1  . 

8 

4. 

4 

lh 

0. 

5 

3. 

5 

2. 

5 

9. 

0 

The  {ill}  monoclinic  peaks  of  above  specimens  show  much 
greater  disparity  between  the  (111)  and  (111)  peaks  than  is 
normally  observed  in  diffraction  studies  of  powders  or  randomly 
transformed  precipitates  of  grains  within  a  matrix.  These 
observations  indicate  a  marked  preference  for  the  formation  of 
the  (111)  orientation  as  observed  on  the  specimens  of  stress 
state  during  the  mechanical  grinding  or  fracture  [8]. 
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Porous  SiC  ceramics  were  proposed  to  be  promising  materials  for  high- 
temperature  thermoelectric  energy  conversion.  Through  the  thermoelec¬ 
tric  property  measurements  and  microstructure  observations  on  the  porous 
B-SiC,  it  was  experimentally  clarified  that  elimination  of  stacking 
faults  and  twin  boundaries  by  grain  growth  is  effective  to  increase  the 
Seebeck  coefficient  and  better  grain-to-grain  connectivity  gives  rise  to 
higher  electrical  conductivity. 

The  development  decades  ago  of  thermoelectric  materials  has  recently 
been  resurrected  in  a  flurry  of  activity  once  again  for  high-temperature 
thermoelectric  power  generation.  For  effective  utilization  of  solar  heat, 
nuclear  energy  and  waste  heat  from  industries,  materials  possessing  high 
thermoelectric  energy  conversion  efficiencies  and  usable  at  high  temperatures 
are  intensely  required. 

Thermoelectric  semiconductors  composed  of  heavy  elements,  such  as  PbTe , 
Bi2Te3,  etc.,  have  already  been  commercially  applied  to  both  refrigeration 
and  power  generation  /I/.  Other  materials  as  FeSi2  /2/,  boron  carbide  /3/, 
or  BP  / 4/  are  also  considered  as  potential  candidates.  However,  the  materials 
so  far  developed  are  easily  oxidized,  decomposed,  or  melt  above  1000°C  and 
are  not  satisfactorily  suitable  to  high-temperature  applications. 

Since ‘ ceramic  semiconductors  in  general  have  high  thermal  stability  and 
corrosion  resistance,  it  would  be  highly  effective  to  apply  these  materials 
to  high-temperature  thermoelectric  energy  conversion.  Porous  ceramics  of 
silicon  carbide  have  recently  been  found  by  the  present  authors  / 5 /  to  show 
high  thermoelectric  conversion  efficiency  at  700-1 350K.  Electrical  conduc¬ 
tivity,  o  ,  of  porous  n-type  SiC  was  comparable  to  or  even  higher  than  the 
reported  values  of  single  crystals,  while  thermal  conductivity,  <  ,  was  kept 
as  low  as  1/10-1/30  of  that  for  a  dense  ceramic.  The  striking  phenomenon 
observed  then  was  that  the  absolute  value  of  Seebeck  coefficient,  «  ,  for 
both  n-type  and  p-type  SiC  always  increases  with  increasing  temperature.  In 
this  paper  is  reviewed  how  the  microstructure  of  a  porous  SiC  ceramic  affects 
its  thermoelectric  property  and  are  introduced  some  newly  deduced  guiding 
principles  to  improve  the  conversion  efficiency. 

Phonon-drag  effect 

The  temperature  dependences  of  Seebeck  coefficient  found  in  our  previous 
study  /5,6/  for  porous  SiC  ceramics  (Fig.1)  cannot  be  explained  by  a  simple 
semiconductor  theory  taking  account  only  of  the  electron  diffusion  generation 
the  thermoelectromotive  force  under  the  temperature  gradient.  Phonon  contri¬ 
butions  to  the  Seebeck  effect,  which  is  called  a  phonon-drag  effect,  have 
been  found  for  metals  and  compound  semiconductors  at  low  temperatures  / 7 / . 
Phonon-drag  effect  is  associated  with  the  interaction  between  current  carri¬ 
ers  and  phonons  leading  to  an  apparent  increase  in  the  absolute  Seebeck 
coefficient.  The  temperature  dependences  of  Seebeck  coefficient  shown  in 
Fig.1  were  then  postulated  to  be  indicating  a  phonon-drag  effect  taking  place 
in  porous  SiC  ceramics  / 6 / . 

According  to  Parrott  /8/,  the  phonon-drag  Seebeck  coefficient  can  be 
expressed  as  follows: 
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X  X  X  .  X 

P  PP  Pb  pe 


where  a0  is  the  normal  Seebeck  co¬ 
efficient  without  a  phonon-drag  ef- 
feet,  s  the  mean  velocity  of  phonons, 
m*  the  effective  mass  of  a  charge 
carrier,  e  the  electronic  charge,  T 
the  absolute  temperature  and  t  is 
the  relaxation  time ,  respectively . 
Subscripts  for  relaxation  time  t  re¬ 
present  the  types  of  collision  pro¬ 
cess  and  for  example  Tep  means  the 
relaxation  time  for  electrons  scat¬ 
tered  oy  phonons.  Subscripts  e,  p, 
and  b  denote  electron,  phonon,  and 
boundary,  respectively.  If  phonon 
scattering  by  boundaries  (  stacking 
faults,  dislocations,  etc.  )  is  pre¬ 
dominant,  relaxation  time  for  the  re¬ 
sponsible  phonon  scattering  would  be 
expressed  as  follows: 

1  =  1  =  _s_ 

TP  ~  Tpb  L*  (4) 


400  800  1200  1400 


T  (K) 


and  this  assumption  was  the  only  one 

which  could  explain  the  abnormal  tern-  Fig.1  Temperature  dependences  of  the 
perature  dependences  of  Seebeck  coef-  Seebeck  coefficient  for  porous  SiC 

fieient  shown  in  Fig.1.  Then,  the  ceramics  /5,6/. 

second  term  of  Eq.(2),  ctp  ,  can  be 
written  as  follows,  assuming  current 

carriers  (  electrons  or  holes  )  are  predominantly  scattered  by  phonons: 


L*s 

m0t 


(5) 


where  Uo  is  carrier  mobility  and  its  temperature  dependence  is  expressed  by 
the  following  equation. 

yQ  =  CT-n  (6) 

where  C  is  a  constant  and  the  value  n  depends  on  the  phonon  mode.  Carrier 
scattering  by  acoustic  and  optical  phonons  would  give  n  values  of  1.5  and 
2.5,  respectively. 

Using  these  equations  combined  with  a  usual  semiconductor  theory,  the 
observed  temperature  dependencies  of  Seebeck  coefficient  were  simulated  by 
curve-fitting  analysis.  Solid  lines  in  Fig.1  represent  the  best  fits  ob¬ 
tained  by  a  least  squares  method. 

The  L>*s  is  required  to  be  increased  to  increase  the  absolute  value  of 
Seebeck  coef fieient  and  hence  the  figure  of  merit  for  thermoelectric  energy 
conversion.  Since  L*  is  the  mean  free  path  of  acoustic  phonons  and  is  di¬ 
rectly  related  to  the  microstructure,  microstructural  features  should  be 
taken  into  consideration  for  this  purpose.  In  order  to  obtain  high  L* , 
average  grain  size  should  be  increased  and  structural  defects  within  the  SiC 
grains  should  be  eliminated.  However,  the  microstructural  variation  would 
also  alter  both  electrical  conductivity  and  thermal  conductivity,  so  that  the 
optimum  microstructure  must  be  sought  for  to  realize  the  highest  thermoelec¬ 
tric  conversion  efficiency. 


35 


Role  of  microstructure 

It  was  attempted  to  clarity  the  role  of  microstructure  in  thermoelectric 
properties  of  porous  3  -SiC  ceramics  / 9/.  Commercially  available  6  -SiC 
powders  (Central  Glass  Co.,  Ltd.,  average  particle  size  -  0.4  pm)  were  iso- 
statically  pressed  and  sintered  at  1750°-2200°C  in  nitrogen  atmosphere.  A 
rectangular  bar  was  cut  out  from  a  sintered  compact,  polished  and  cleaned. 
Electrical  conductivity  and  Seebeck  coefficient  were  measured  in  Ar  atmos¬ 
phere  using  the  technique  previously  reported  / 5 / .  Thermal  conductivity  was 
measured  by  the  laser  flash  method,  Scanning  electron!  microscope  (SEM)  and 
high-resolution  electron  microscope  (HREM)  observations  were  carried  out  to 
examine  the  microstructure  ana  stacking  faults,  respectively.  XRD  measure¬ 
ments  were  performed  on  the  crushed  powders  using  CuKa  radiation  with  Ni 
filter  and  graphite  monochromator. 

Thermoelectric  properties  of  g -SiC  vary  largely  with  sintering  tempera¬ 
ture  and  hence  with  microstructure  variation.  The  measured  a,  a  ,  and  k at 
1  000*  C  are  plotted  against  sintering  temperature  in  Fig.  2.  Both  a  and  a  in- • 
crease  with  increasing  sintering  temperature  up  to  2000°C  and  then  decrease 
at  higher  temperatures,  while  k  practically  remains  unchanged.  Similar 
tendencies  were  observed  at  other  measuring  temperatures. 

Average  size  of  B -SiC  grains  increased  remarkably  with  increasing  sin¬ 
tering  temperature  without  noticeable  densif ication  as  shown  in  Fig.  2.  The 
authors  have  already  reported  / 9 , 1 0 /  that  the  density  of  stacking  faults, 
decreased  with  increasing  sintering  temperature.  The  fact  that  the  absolute 
value  of  Seebeck  coefficient  increases  with  increasing  grain  size  (Fig.  2) 
and  hence  decreasing  stacking  fault  density  is  closely  related  to  the 
phonon-drag  effect  explained  in  the  previous  section.  Decrease  in  the  stack¬ 
ing  fault  density  accompanied  by  grain  growth  increased  the  phonon  mean  free 
path,  L* ,  enhancing  the  phonon-drag 
effect  leading  to  apparently  larger 
Seebeck  coefficient.  That  the  Seebeck 
coefficient  slightly  decreased  at 
above  2000°C  (sintering  temperature) 
must  have  been  caused  by  phase  trans¬ 
formation  which  was  detected  by  both 
XRD  measurement  and  SEM  observation. 

Increase  in  electrical  conduct¬ 
ivity  as  increasing  sintering  temper¬ 
ature  up  to  2000°C  is  partly  ascribed 
to  the  increase  in  carrier  concen¬ 
tration,  since  nitrogen  incorporated 
into  the  SiC  lattice  during  sinter¬ 
ing  temperature.  Decrease  in  elec¬ 
trical  conductivity  at  above  2000°C 
(sintering  temperature)  was  possibly 
due  to  the  g  — >  a  transformation, 
since  carrier  mobility  and  hence  el¬ 
ectrical  conductivity  of  a-SiC  is 
lower  in  general  compared  to  3 -SiC 
/II/. 

We  have  carried  out  another  ex¬ 
periment  in  which  the  pressure  of 
powder  compaction  was  varied  while 
sintering  temperature  and  time  were 
fixed  to  be  2000°C  and  3h,  respec¬ 
tively.  Figure  3  shows  the  electri¬ 
cal  conductivity  and  Seebeck  coeffi¬ 
cient  increased  at  1000°C  as  func¬ 
tions  of  compaction  pressure.  It  can 
be  seen  that  electrical  conductivity 
increases  with  increasing  presure, 
while  the  Seebeck  coefficient  re¬ 
mains  practically  unchanged.  As  is 
also  shown  in  Fig. 3,  relative  densi¬ 
ty  and  average  grain  size  are  almost 
independent  of  the  compaction  pres¬ 
sure,  so  that  the  behavior  of  Seebeck 


Fig. 2  Thermoelectric  properties  vs. 
sintering  temperature  measured  at 
1000°C.  Specimens  were  sintered 
for  3h  in  N2  atmosphere  (  compac¬ 
tion  pressure  =  200kg/cm^  ). 
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coefficient  can  be  explained  from  the 
view  point  of  the  stacking  fault  den¬ 
sity.  Only  the  difference  among  four 
kinds  of  specimens  lied  in  their 
grain  connectivity ,  i.e.  the  grain- 
to-grain  connectivity ( in  other  words 
the  neck  radius)  became  larger  as 
increasing  compaction  pressure. 

Thus,  better  grain-to-grain  connec¬ 
tivity  must  have  played  a  role  part¬ 
ly  in  increasing  conductivity. 

Finally,  thermoelectric  proper¬ 
ties  of  the  specimens  prepared  under 
the  same  compaction  pressure  (  200 
kg/cm2  )  and  sintered  for  0.5-3h  at 
2000°C  were  compared.  Figure  4 
shows  that  the  grain  size,  Seebeck 
coefficient,  and  electrical  conduc¬ 
tivity  all  increase  slightly  with 
increasing  sintering  time,  while  re¬ 
lative  density  remains  unchanged. 
These  results  are  considered  to  be 
consistent  with  the  above  mentioned 
tendencies  in  that  slight  increase 
in  grain  size  gives  rise  to  lower 
stacking  fault  density  and  better 
grain-to-grain  connectivity  hence 
causing  larger  Seebeck  coefficient 
and  higher  electrical  conductivity, 
respectively . 

Conclusion 

Some  of  the  guiding  principles 
so  far  obtained  to  improve  the  ther¬ 
moelectric  conversion  efficiency  of 
n-type  (3  -SiC  can  be  summarized  as 
f ol lows : 

(1)  High  grain-to-grain  connectivity 
should  be  achieved  in  a  porous 
body. 

(2)  Structural  defects,  such  as  sta¬ 
cking  faults  and  twin  boundaries, 
ought  to  be  eliminated. 

(3)  0 a  phase  transformation  must 
be  suppressed. 
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Fig. 3  Thermoelectric  properties  vs. 
compaction  pressure  measured  at 
1000°C.  Specimens  were  sintered 
at  2000°C  for  3h  in  N2  atmosphere. 


Fig. 4  Thermoelectric  properties  vs. 
sintering  time.  Specimens  were 
sintered  at  2000°C  in  N2  atmos¬ 
phere  (  compaction  pressure  =  200 
kg/cm2  ) . 
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Synopsis 

An  investigation  was  made  on  the  mechanical  properties  of  piezoelectric  ceramics 
with  the  special  emphases  on  the  effects  of  poling  in  the  samples.  Both  the  static 
compression  and  repeated  compression  fatigue  tests  were  conducted  under  the  three  elect 
rically  different  conditions.  In  the  first  case,  the  poled  samples  were  subjected  to 
compression  ,  under  whose  electrodes  were  electrically  connected.  In  the  second  case, 
compression  loading  was  applied  on  the  specimen  with  both  electrodes  electrically 
insulated.  In  the  third  case, the  compressive  strength  was  measured  on  the  thermally 
depoled  samples.  A  statistical  approach  based  on  a  two-parameter  keibull  distribution 
was  applied  to  the  test  data  in  order  to  evaluate  the  dispersion  in  the  strength  and 
then  to  compare  the  strength  properties  for  three  different  test  conditions  investigated 

> 

1.  Specimen  Preparation  and  Experimental  Method 

The  material  used  in  the  present  study  is  a  commercial  piezoelectric  ignitors  with 
the  composition  of  PbZr03-PbT 1O3  including  the  third  component.  The  piezoelectric 

properties  are  listed  in  Table  1.  The  samples  were  made  in  the  dimensions  of  5  mm  in 
diameter  and  10  mm  in  thickness.  Polarization  was  produced  by  applying  a  DC  field. 

Depoling  was  made  in  such  a  way  that  firstly  the  samples  were  heated  to  above  its  Curie 
point  and  then  cooled  slowly  again  to  below  the  Curie  point.  The  parallelism  of  the  end 
surfaces  is  extremely  important  in  case  of  the  compression  test.  Therefore  each  end 
surface  of  the  sample  was  polished  so  that  the  parallelism  could  be  attained.  The 

specimen  was  loaded  to  failure  at  crosshead  speed  of  3.5  mm/min  in  static  compression 
test . 


Table  1.  Piezoelectric  properties  of  SaiPleg.  invggtigatgd. 


flWIS — L* — 

Frequency 

Permittivity  \ 

Coupling  factor 

Piezoelectric  constant 

fr  (kHz) 

€  33/ €  0 

■HUH 

d33(10-,2m/V) 

g33(10'3Vm/N) 

142.9 

1496 

69.7 

25.6 
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Fatigue  tests  were  conducted  under  axial  cyclic  coipession  at  a  frequency  of  20  Hz 
by  a  electro-hydraulic  fatigue  testing  machine.  Stress  ratio  R  (o min/ a  max)  is  fixed 
to  be  constant  value  of  0.1  in  all  the  fatigue  tests. Replication  tests  were  performed  to 
characterize  the  scatter  in  the  strength. 


Test  conditions  were  varied  in  the  three  different  ways.  Firstly, the  poled  samples 
were  subjected  to  compression,  under  whose  electrodes  were  electrically  connected. 
Secondly,  compression  loading  was  applied  on  the  specimen  with  both  electrodes  electri¬ 
cally  insulated.  Thirdly,  the  compressive  strength  was  measured  on  the  thermally  depoled 
samples.  Hereinafter,  these  test  conditions  are  referred  in  this  paper  to  as  CASE  1,CASE 
2  and  CASE  3,  respectively.  This  is  the  same  whichever  it  may  be  static  compression  or 
cyclic  compression.  Three  different  test  conditions  are  illustrated  in  Figure  1. 

2.  Experimental  Results  and  Discussion 

In  static  compression  test,  ten  replicates  were  used  to  characterize  the  scatter  in 
the  strength.  In  the  statistical  evaluation  of  the  strength  dispersion,  it  has  been  a 
standard  practice  to  assume  the  underlying  distribution  to  be  of  a  two-parameter  Weibull 
type.  This  model  is  characterized  by  a  probability  density  function  f(x)  and  the 
associated  cumulative  distribution  function  F(x)  as  follows! 

a  x  a  - 1  x  a 

f(x)=  — ( — )  exP{-(— )}  (1) 

P  P  P 

F(x)=  l-exp{-( — )  }  (2) 

P 

where  a  and  P  are  the  shape  parameter  and  scale  parameter, respectively . 

Mean  value,  variance  and  coefficient  of  variation  of  the  two-parameter  Weibull  distribu¬ 
tion  are  denoted  here  by  E[X],V[X]  and  CV, respectively  as  shown  below. 
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(3) 


1 

e[x]=  p  -r  (i+ — ) 

a 


V[X]  =  E[X2]  -  (E[X] ) 2  1 

=  j3  2[  r  (i+ — )  -  r2(i+ — )  ]  (4) 

a  a 

CV=  -/VTx]  /  E[X]  (5) 


The  results  of  statistical  analysis  on  the  actual  compressive  strength  for  CASE  1  are 
shown  in  Table  2.  Estimation  of  parameters,  a  and  0  in  the  table  was  performed  by  the 
Least  Square  Method  (LSM) .  The  value  of  shape  parameter  in  compressive  strength  is  found 
to  be  large  enough,  compared  with  those  of  strength  data  which  has  been  reported  for 


ceramic  nia 


terials.  This  indicates  that  the  scatter  of  piezoelectric  ceramics  for  CASE  1 


test  conditions  is  comparatively  small, 


if  the  specimen  preparation  and  actual  testing 


has  been  carefully  performed.  These  data  were  plotted  on  the  Weibull  probability  paper 
as  shown  in  Figure  2.  The  linearity  of  the  test  data  supports  the  choice  of  the  Weibull 


-.2.  Statistical  distribution  of  compressive  strength. 
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Estimated  results  of  Weibull  parameters  for  CASE  2  are  shown  in  Table  3.  The  value 
of  shape  parameter  a  is  small  if  compared  with  that  for  CASE  1,  although  the  scatter  is 


In  Figure  3, all  the  test  data  are  plotted  on  the  Weibull  probability  paper  and  the 
strength  distribution  for  CASE  1 » CASE  2  and  CASE  3  were  compared.  As  a  result,  strength 
distribution  has  been  found  to  be  almost  the  same  between  CASE  1  and  CASE  3.  On  the 
other  hand,  strength  distribution  for  the  CASE  2  which  is  tested  using  poled  sample 
placed  between  iron  jigs  is  in  the  lower  side  and  the  slope  of  the  theoretical  line  is 
flatter  than  those  for  the  other  cases. In  CASE  2  the  samples  are  supposed  to  be  subject 
to  mechanical  depoling  effect  as  the  stress  value  is  increased.  That  means  the  internal 
grain  structure  might  be  in  inhomogenity  and  instability.  This  is  considered  to  be 
reflected  in  the  larger  scatter  and  lower  strength  compared  with  the  other  cases. 

Photographs.  1  and  2  show  the  fractured  surface  of  the  specimens  for  CASE  1  and 
CASE  3.  Significant  difference  has  not  been  observed  between  two  cases.  However  grain 
boundary  fracture  is  in  the  tendency  to  be  observed  more  in  CASE  1  than  in  CASE  3. 


Photo. 1.  Fracture  surface  of  the  sample  for  CASE  1. 
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Photo. 2.  Fracture  surface  of  the  sample  for  CASE  3. 


Figure  4  shows  the  maximum  cyclic  stress  aaplitude  plotted  as  a  function  of  the  number 
of  cycles  to  fatigue  failure  for  CASE  1  and  CASE  3.  The  linear  approximation  between  the 
maximum  cyclic  stress  and  expected  fatigue  life  in  semi-log  scale  is  drawn  by  a  solid 
line. Arrow  mark  in  the  figure  signifies  the  censored  data  at  107  cycles,  indicating  that 
the  specimen  was  not  failed  within  the  present  work.  Prom  the  comparison  between  CASE 
1  and  CASE  3,  it  can  be  seen  that  the  fatigue  life  at  lower  stress  level  for  CASE  1  is 
longer  than  that  for  CASE  3.  As  a  conclusion  of  fatigue  test, poled  samples  have  a  higher 
fatigue  resistance  in  a  longer  life  region  than  thermally  depoled  samples  when  it  has 
been  used  between  electrically  insulated  jigs. 
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Fig. 4.  Fatigue  S-N  diagram. 
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ABSTRACT 

BaTiOg  fine  powders  and  thin  films  have  been  prepared  directly  from 
titanium  metal  substrates  by  a  new  technique,  hydrothermal- 
e lectrochemical  method,  where  a  direct  electric  current  has  been  applied 
between  the  anode  of  Ti  plate  and  the  cathode  of  Pt  plate,  placed  in  a 
high  temperature-high  pressure  vessel  containing  Ba2+  solutions.  Pure 
and  fine  powders  of  BaTiOg  have  been  produced  in  0.5N-Ba(NOg)2  solution 
at  250°C  by  applying  a  constant  current  density  of  100  mA/cm2.  On  the 
other  hand,  thin  films  of  polycrystalline  cubic  BaTiOg  have  been  formed 
on  Ti  metal  plate  in  0.25  ~  0. 5N-Ba(OH) 2  solutions  above  100°C  under 
the  saturated  vapor  pressures  with  the  current  density  of  10  ~  100 
mA/cm2  and  the  treatment  time  of  30  ~  80  min.  The  BaTiOg  films  had  the 
thickness  of  submicrometer  order,  with  no  apparent  pores  nor  defects. 
The  crystallinity  of  the  films  was  quite  well  in  spite  of  their  quite 
low  formation  temperatures. 


1.  INTRODUCTION 

Barium  titanate,  BaTiOg  is  a  well-known  ferroelectric  and 
piezoelectric  material.  Its  usefulness  has  attracted  much  attention  in 
electronics  and  other  branches  of  engineering  as  well  as  in  ceramics.  A 
variety  of  techniques  have  therefore  been  developed  for  preparing 
powders  and  thin  films  of  BaTiOg. 

In  the  most  conventional  method,  BaTiOg  powders  have  been  prepared 
by  solid-state  reactions  from  powder  precursors  [1].  In  addition  to  this 
process,  there  exist  many  kinds  of  chemical  processes  [2-8],  mainly 
solution  techniques,  for  preparing  barium  titanate  powders  at  lower 
temperatures  than  those  required  for  the  solid-state  reactions.  The 
advantages  of  these  chemical  processes  are  to  form  powders  with 
controlled  size  and  shape,  having  highly  pure  and  homogeneous 
composition.  On  the  other  hand,  they  have  disadvantages  i.e.,  low 
crystallinity,  aggregation  of  particles  and  high  costs  for  production. 
To  improve  the  crystallinity,  moderate  heating  process  after  the 
formation  of  powders  is  needed  in  most  cases. 

Also,  many  attempts  have  been  performed  to  obtain  BaTiOg  films  [9- 
12].  They  include  physical  vapor  deposition  techniques  such  as  vacuum 
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deposition  and  sputtering,  or  chemical  processing  such  as  spray  coating 
and  dip  coating  of  metal  organic  compounds  using  sol-gel  techniques. 
These  methods  generally  need  heating  processes  to  crystallize  BaTiOg 
after  forming  an  amorphous  film  on  the  substrates.  The  crystallization 
temperatures  are  mostly  higher  than  500°C,  which  often  cause  thermal 
roughening  of  the  film  surface  and/or  the  peeling-off  problems. 
Therefore,  the  alternative  processes  have  been  required  to  be  formed  in 
various  fields  of  the  electronic  industries. 

In  the  present  work,  we  report  the  preparation  of  BaTiOg  powders  and 
thin  films  [13]  by  a  new  technique  which  we  have  named  "hydrothermal  - 
electrochemical  method"  and  believe  to  have  a  variety  of  superiority  to 
the  techniques  mentioned  above. 


2.  EXPERIMENTAL 


A  titanium  metal  p 1 ate(work i ng  electrode)  was  connected  to  the 
anode  by  a  platinum  wire,  then  it  was  set  in  an  autoclave  together  with 
a  platinum  p 1 ate(counter  electrode)  as  the  cathode  as  shown  in  Fig  1. 
The  distance  between  the  working  electrode  and  the  counter  electrode  was 
3.0  cm.  A  direct  electric  current  was  applied  in  the  electrolytic 
solution  at  elevated  temperatures,  room  temperature  ~  250°C,  under  the 
saturated  vapor  pressures  ranging  between  0.1  and  1.8  MPa.  The  treatment 
was  performed  in  various  electrolytic  solutions,  Ba(NOg)2  (0.01-0.5N), 
0.1  N-BaCl2,  pure  H20  and  Ba(OH)2(0.25  to  0.5N)  for  the  preparation  of 
BaTiOg  powders  and  thin  films  respectively  . 

The  hydrothermal-electro¬ 
chemical  treatment  was  carried 
out  gal vanostat ical ly  with  the 
applied  current  density  between 
10  and  100  mA/cm2  using  a  gal- 
vanostat  (Kikusui  electronics 
Co.,  Type  PAD  1K-0.2L)  in  an 
electrolytic  autoclave(NRD  Co., 

Type  AAC-2030).  A  silica  glass 
or  teflon  beaker  was  set  for 
preventing  the  autoclave  wall 
from  corrosion  by  contacting 
electrolytic  solution.  The  po¬ 
wders  formed  at  the  bottom  of 
the  beaker  and  the  thin  films 
formed  on  the  Ti  metal  plate 
afterthe  hydrothermal-  elect¬ 
rochemical  treatment  were  exa¬ 
mined  by  X-ray  di f f ractometry, 

Scanning  Electron  Microscopy  ( 

SEM)  and  Transmission  Electron  Fig.l  Schematic  illustration  of  the  electrochemical  cell  and 

K/f  1  ~  ~  ~ _  /'TCTK/fX  TL  ^  c  I  rcu  1 1  ar  rangement  s  for  hydrothermal -electrochemical  treatment. 

Microscopy  (TEM).  The  capacit-  ,A)  Counter  electrode  (Pt  p.ate),  cathode;  ( B)  Thermocouple;  (C) 
ance  of  the  film  was  also  mea-  Stirrer;  ID)  Working  electrode  (TI  plate),  anode. 
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sured  using  the  LCR  meter(YHP  4284A)  by  depositing  Ag  electrode  of  2  mm^ 
in  diameter. 


3.  RESULTS  and  DISCUSSION 
3.1  Preparation  of  BaTiOg  powders 

Anatase  was  the  only  product  of  hydrothermal-  electrochemical 
treatment  of  titanium  plate  in  HgO  at  200°  to  250°C.  Similarly,  when  a 
O.lN-BaClg  solution  was  used  as  an  electrolytic  solution,  only  anatase 
powders  were  yielded  even  at  250°C. 

Hydrothermal-electrochemical  treatment  of  titanium  metal  plate  in 
0. lN-Ba(NOg)2  solution  yielded  also  only  Ti02  (anatase)  powders  with  low 
crystallinity  below  200°C  regardless  of  the  applied  current  density. 
However,  when  the  treatment  temperature  was  raised  to  250°C,  perovskite 
BaTiOg  (cubic  or  pseudocubic  phase)  began  to  form  as  the  product. 

On  the  other  hand,  BaTiOg  was  formed  already  at  200°C  in  solutions 
with  a  higher  concentration  of  barium  (0.5N-Ba(NOg)2) ,  although  a  small 
amount  of  BaCOg  or  Ti02  (anatase)  formed  in  addition  to  BaTiOg  at  this 
temperature.  Figure  2  shows  the  X-ray  diffraction  patterns  of  the 
powders  produced  and  the  surfaces  of  working  electrodes  after 
hydrotherma 1 -e 1 ect rochemi  ca 1  treatments  of  t i t an i um  me t a  1  plates  in 
0.5N-Ba(NOg)2  solution.  At  250°C,  pure  BaTiOg  powders  could  be  obtained, 
whereas  the  surface  of  the  working  electrode  was  always  only  Ti02  after 
hydrothermal-  electrochemical  treatment  of  titanium  metal  plate  in 
Ba(NDg)2  solution  under  all  the  conditions  studied. 

Figure  3  illustrates  the  formation  diagram  of  the  powder  products 
under  the  various  conditions  for  an  applied  current  density  of  100 
mA/cm^.  As  shown  in  this  diagram,  BaTiOg  has  not  been  formed  at  lower 
temperatures,  and  in  low-  concentration  barium  solutions.  When  0.5N- 
Ba(NOg)2  s°lut*on  was  used,  pure  BaTiOg  formed  at  250°C  as  shown  in 


20  (deg )  CuKa 

Fig. 2  X-ray d  i  f f ract i on  patterns  of  the  powders  produced  and  surfaces 
of  working  electrodes  in  0.5N-Ba(NOj)2  s°luti°n  under  various  conditions. 
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Fig. 2.  These  results  apparently  indicate  that  the  production  of  BaTi03 
is  dependent  on  the  treatment  temperature  and/or  solution  species  and 
concentrat ion. 

A  transmission  electron  micrograph  of  the  powder  product  yielded  in 
0.5N-Ba(NO3)2  solution  at  250°C  is  shown  in  Fig. 4.  The  products 
consisted  of  submicrometer  fine  powders  of  cubic  or  pseudocubic  BaTiOg. 

Many  studies  on  the  preparation  of  BaTi03,  of  which  the  stable  form 
is  tetragonal  at  room  temperature,  have  reported  that  powders  made  by 
wet  chemical  processes  generally  have  a  cubic  perovsk  i  te- type  crystal 
structure  [7,14-16].  Similarly,  in  the  present  hydrothermal- 
electrochemical  treatment,  the  BaTi03  powders  had  a  cubic(or 
pseudocubic)  structure.  This  is  considered  to  be  caused  by  the  fine 
particle  sizes  (Fig. 4). 

Figure  5  shows  some  typical  cell  voltage-time  (V-t)  curves  ,  where 
the  voltage  between  the  titanium  anode  as  working  electrode  and  the 
platinum  cathode  as  counter  electrode  was  measured,  during  hydrothermal - 
electrochemical  treatment  of  titanium  metal  plate  in  Ba(N03)2  solution 
under  various  conditions. 

In  the  0.5N-Ba(ND3)2  solution,  the  cell  voltage  increased  with  time 
up  to  40  to  50  V  and  then  showed  vigorous  fluctuation  at  250°  and  200°C. 
In  these  conditions,  BaTi03  powders  produced  after  hydrotherma 1  - 
electrochemical  treatment  as  shown  in  Fig. 2.  However,  if  the  cell 
voltage  did  not  increase  to  higher  values  BaTi03  was  never  formed  as  in 
the  case  of  0.1N,  200°C,  50  mA/cm2  shown  in  Fig. 5.  In  this  case  the  cell 
voltage  flunctuated  within  +2  V  around  10  to  15  V  and  the  powder 
produced  was  only  anatase.  These  phenomena  clearly  suggest  that  a 
critical  cell  voltage  is  necessary  to  form  BaTi03- 

Considering  the  V-t  curves,  the  considerable  fluctuation  of  cell 
voltage  beyond  20  to  50  V  corresponds  to  dielectric  breakdown  of 
surface-oxidized  titania  film,  probably  accompanied  by  sparking,  during 
hydrot herma 1 -e 1 ect rochemi ca 1  treatment  [17].  A  critical  cell  voltage  is 


Concentration  (N) 

Fig. 3  Formation  diagram  of  powder  products  by  hydrothermal- 
electrochemical  treatment  of  Tl  In  BalNO*^  solutions.  Current 
density:  100  mA/cm^. 


Fig. 4  TEM  micrograph  of  the  BaTI03  powders 
obtained  after  hydrothermal-electrochemical 
treatment  of  Ti  plate  In  O.SN-BalNDj^  sol¬ 
ution  at  250°C. 


47 


necessary  for  adherent  surface  oxide  breakdown  or  electrochemical 
dissolut ion. 

Figure  6  shows  the  relation  between  initial  breakdown  voltage  and 
concentration  of  BalNOg^  solutions  at  250°C  for  an  applied  current 
density  of  100  mA/cm  .  The  initial  breakdown  voltage  was  almost 
independent  of  the  concentration  of  the  solution.  From  this  result,  we 
can  conclude  that  the  surface  oxide  (TiC^)  grew  to  a  certain  thickness 
and  then  breakdown  occurred  resulting  in  the  formation  of  BaTiOg. 


Time  ( min) 

Fig. 5  Typical  cell  vo 1 1 age- 1 ime( V- t )  curves  during 
hydrothermal-electrochemical  treatment  of  Ti  plate 
in  Ba(NO^)2  solution. 


Concentration  (N) 

Fig. 6  Relation  between  initial  breakdown  voltage  and 
concentration  at  250°C  for  an  applied  current  density 
of  100  rrA/an^ . 


3.2  Preparation  of  BaTiOg  thin  films  ij 

!  I 

I 

Figure  7  shows  the  X-ray  diffraction  patterns  of  the  surface  of 
BaTiOg  films  produced  by  the  hydro therma 1 -e 1 ect rochemi ca 1  method  in 
Ba(OH>2  solution.  According  to  the  X-ray  diffraction  analysis,  the  cubic 
or  pseudo-cubic  BaTiOg  was  only  detected  on  titanium  metal  substrate 
at  temperatures  above  100°C.  At  low  temperatures  such  as  the  room 
temperature,  the  product  was  not  BaTiOg  but  Ti02*  Under  the  conditions 
at  temperatures  above  100°C  with  the  current  density  of  10  to  100  mA/cm^ 
in  0.5N-Ba(OH)2  solutions,  dense  thin  films  showing  multiple 
interference  colors  were  formed.  These  films  had  smooth  and  homogeneous 
surface  without  visible  pores  or  defects  from  the  SEM  observations. 

The  formation  mechanism  of  BaTiOg  thin  film  in  Ba(OH)2  solution  is 
probably  different  from  that  of  BaTiOg  powders  which  results  from  the 
breakdown  of  surface-oxidized  titania  film  in  Ba(NOg)2  solution.  One  of 
the  possible  mechanisms  to  form  BaTiOg  thin  film  in  the  present 
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technique  is  as  follows: 


Ti  - ►Ti4+  +  4e‘, 

Ti4+  +  60H” - ►  Ti(OH)g2', 


Ba2+  +  Ti  (OH)62-  - ►BaTi03  + 

These  reactions  may  proceed  in  the 
hydrothermal  BafOH^  solution  near 
the  anode  in  order  to  precipitate 
crystalline  BaTiOg  on  the  titanium 
anode  plate.  The  capacitance 
measured  for  the  film  formed  at 
150°C  by  the  applied  current 
density  of  13  mA/cm2  was  70  nF 
with  tan  =  15  %.  The  value 
corresponds  to  the  dielectric 
constant  of  ~  300  for  0.1  ®  of 

film  thickness  estimated  from  the 
weight  gain  of  the  film. 


3H20. 


20  30  40  50  60 

29 (deg)  Cu  K<x 


Fig. 7  X-ray  diffraction  patterns  of  the  surface  of  BaTiO-j 
films  produced  by  the  hydrotherma I -e I ect rochemi ca I  method 
In  Ba(CH)2  solution,  (a)  200°C,  30  min;  (b)  I00°C,  30  min; 
(c)  room  temperature,  10  min. 
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GROWTH  OF  SUPERCONDUCTING  OXIDE  SINGLE  CRYSTALS  BY  TSFZ  METHOD 

KOJIMA.H  and  Tanaka, I 

Institute  of  Inorganic  Synthesis,  Faculty  of  Engineering,  Yamanashi 
University,  Miyamae  7,  Kofu  400,  Japan 

High  quality  large  single  crystals  of  La2-xSrxCu04  were  grown  by  the 
traveling  solvent  floating  zone  method(TSFZ  method).  The  crystals  up  to* 
about  6  mm  diameter  and  40  mm  length  were  obtained.  The  composition  of  the 
grown  crystals  was  uniform  and  was  determined  to  be  Lai . 86Sro . i4Cuo .  97 
03.89.  The  single  crystals  were  superconductors  with  Tc=37.5K  and  A  Tc 
=1.1K,  and  had  a  significant  anisotropy  of  the  electrical  resistivities  at 
the  non-superconducting  state. 


INTRODUCTION 

Since  the  recent  discovery  of  high-Tc  superconductors  of  the  (Lai-x 
M2  +  x)2Cu04  type,  where  M2*  is  Ba  or  Sr,  its  crystal  structure  and  the 
physical  properties  were  investigated  actively  [1-3].  The  measurement  of 
their  properties  as  single  crystals  gives  us  further  information  of  the 
high-Tc  superconducting  mechanism.  Therefore,  it  is  desired  to  obtain 
good  quality  and  sizable  single  crystals  of  (Lai-xM2+x )2Cu04 . 

La2Cu04  melts  incongruently  at  1320°C  and  decompose  to  La203  and  the 
liquid  [4].  Cupric  oxide  (CuO)  melts  with  a  loss  of  oxygen  and  vaporiza¬ 
tion  of  CuO  at  1096°C  under  an  oxygen  pressure  of  1.0  atm  [5],  so  that 
these  phenomena  disturb  operations  for  crystal  growth  of  La2Cu04 .  The 
single  crystals  of  Sr-  or  Ba-doped  La2Cu04  have  been  grown  by  the  flux 
method  using  CuO  ‘or  PbO  as  the  flux  [3,  5-6]  and  the  top  seeded  solution 
method  with  used  CuO  or  Li2C03+B203  solvents  [7-8].  Directional 
solidification  from  eutectic  composition  by  the  floating  zone  method  was 
reported  further  [9],  but  the  grown  boules  composed  of  (La,M2* )2Cu04  and 
CuO  were  not  single  crystals.  The  (La,M2+ )2Cu04  crystals  grown  by  the  top 
seeded  solution  method  were  sizable,  but  they  did  not  too  contain  Sr2+  or 
Ba2*  to  be  superconducting.  The  crystals  grown  by  the  flux  method  were 
sizable  and  superconductive,  but  their  superconducting  transition  were 
broad  because  of  flux  inclusion.  Therefore,  sizable  and  high  quality 
single  crystals  of  (La,M2* )2Cu04  have  not  yet  been  obtained.  In  this 
study,  the  single  crystals  of  La2-xSrxCu04  were  grown  by  the  traveling  sol¬ 
vent  floating  zone  (TSFZ)  method,  which  has  been  described  in  detail  else¬ 
where  [10],  and  the  grown  crystals  were  characterized  the  quality  and  the 
superconductive  transition. 


50 


THE  PRINCIPLE  OF  TSFZ  METHOD 


According  to  the  reported  phase  diagram  of  La203-Cu0  system,  La2Cu04 
is  known  to  decompose  at  the  peritectic  temperature  of  1320  °C  .  The  solid 
of  peritectic  compound  can  coexist  in  equilibrium  with  the  liquidus  phase 
which  corresponds  to  the  portion  of  liquidus  curve  between  the  peritectic 
and  eutectic  temperature.  Such  a  liquid  phase  can  be  used  as  a  solvent  for 
the  growth  of  single  crystal  of  peritectic  compound. 

The  sintered  rod  of  the  solvent  is  put  like  sandwich  between  a  sin¬ 
tered  feeding  rod  and  a  seed  crystal  whose  composition  are  stoichiometric. 
This  rod  is  placed  inside  the  infrared  growth  furnace  where  the  floating 
zone  method  is  applied.  At  first,  the  part  of  solvent  phase  was  melted, 
then  the  feeding  rod  was  inserted  to  molten  solvent  zone  by  slow  moving 
down  the  furnace.  The  lower  part  of  molten  zone  was  getting  to  cool  to 
deposit  the  crystal  on  the  seed  crystal  because  of  temperature  gradient. 
If  this  process  is  carried  out  constantly  throughout  the  run,  the  single 
crystals  of  peritectic  compound  could  be  obtained  on  a  seed  crystal.  This 
procedure  is  called  as  the  Traveling  Solvent  Floating  Zone  method  (TSFZ) 
which  is  the  application  of  zone  levelling  technique  introduced  by  Pfann, 
because  the  solvent  phase  had  traversed  nearly  end  to  end  of  feeding  rod. 

EXPERIMENTAL  PROCEDURE 

The  starting  materials  for  preparation  of  the  feed  rods  and  the  sol¬ 
vents  were  La203 ,  CuO  and  SrC03 ,  which  had  a  99.9%  purity  respectively. 
Stoichiometric  amounts  of  the  raw  materials,  in  which  the  content  of  Sr 
was  x=0.15,  were  mixed  in  ethanol,  dried,  and  calcined  at  850°C  for  12  h  in 
air.  The  pre-heated  powder  was  formed  into  a  cylindrical  shape  of  6  mm  in 
diameter  by  50  mm  in  length,  and  pressed  at  a  hydrostatic  pressure  of  about 
100  MPa.  The  rod  was  sintered  at  1000  to  1200°C  for  12  h  in  oxygen  and 
then  used  as  the  feed  rod.  The  solvents,  in  which  the  compositions  were 
varied,  contained  CuO  from  55  to  80  mol%  and  SrO  from  x=0.15  to  0.20,  and 
were  prepared  in  the  same  way  as  the  feed  rods. 

The  apparatus  for  crystal  growth  was  an  infrared  heating  furnace  of 
the  double  ellipsoidal  type  (Nichiden  Machinery  Ltd.)  with  two  1.5  kW 
halogen  lamps  as  the  heat  source.  The  growth  conditions  were  as  follows. 
Feed  and  seed  shafts  were  rotated  oppositely  at  rates  of  30  rpm.  The 
growth  rate  was  1.0  mm/h.  The  atmosphere  in  the  furnace  was  an  oxygen  gas 
under  the  pressure  of  l.OxlO2  to  2.0xl02  kPa  for  preventing  the  vaporiza¬ 
tion  of  CuO  from  the  melt. 

The  crystals  were  characterized  by  using  XRD  method  and  EPMA.  The  su¬ 
perconductive  properties  of  the  grown  crystals  were  investigated  by 
measurement  of  electrical  resistivity.  The  electrical  resistivities  of  the 
grown  crystals  were  measured  by  the  four-probe  method. 
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results  and  discussion 


K.  Oka  had  reported  that  the  La2Cu04  solid  was  in  equilibrium  with  the 
liquid  between  about  75  and  90  mol%  in  the  La203-Cu0  system[7].  When  the 
mixture  of  80  mol%CuO  and  20  mol%La203  was  molten  under  an  oxygen  gas  of 
2. Ox  102  kPa  which  is  higher  than  an  atmospheric  pressure,  the  products 
were  La2Cu04  and  CuO.  This  result  suggests  that  the  vaporization  of  CuO 
from  the  melt  is  prevented  by  increasing  the  oxygen  pressure  of  the  growth 
atmosphere  to  be  higher  than  the  atmospheric  pressure. 

Fig.l  shows  an  as-grown  boule 
of  La2-xSrxCu04 ,  which  was  grown  by 
using  a  solvent  of  78  mol%CuO.  The 
as-grown  boule  was  6  mm  in  diameter 
and  40  mm  long  and  black  with  metal¬ 
lic  luster,  and  did  not  contain  in-- 
elusions  such  as  La203.  The  crys¬ 
tals  had  two  facets  perpendicular  to 
the  growth  direction.  The  back-  lOrtifTV 

reflection  Laue  X-ray  photograph  of  ; ~ ' 

the  facet  displayed  sharp  d i  f f rac- 

tion  spots  and  revealed  a  4-fold  ro-  Fig.l  As-grown  boule 

tation  axis.  The  grown  crystals  were  of  La2-xSrxCu04 


Table  1  Properties  of  La2-x 

SrxCu04  grown  crystals 

Analysis  (wt%) 

La 

Analyzed  values  65.5(2) 

Calculated  values  64.82 
(x=0 . 15) 

Sr  Cu  0  Total 
3.14(7)  15.67(7)  15.8(2)  100.11 
3.32  16.03  15.83  100.00 

Chemical  composition 

Lax . 86Sro . i4Cuo . 97O3 . 89 

Lattice  parameters  (A  ) 

Measured  values 

Sintered  Lai . ssSro . isCuCH 

a  c 

3.793(3)  13.19(2) 

3.790(3)  13.21(2) 

thus  identified  as  single  crystals,  and  the  crystallographic  plane  of  the 
facet  was  (001) . 

The  results  of  the  analysis  and  the  lattice  parameters  of  the  La2-x 
SrxCu04  crystals  are  shown  in  table  1.  The  composition  of  the  crystals  was 
uniform  along  the  radius  and  length  of  the  crystals  as  analyzed  by  EPMA. 
The  La  concentration  of  the  grown  crystals  was  higher  than  that  of  the 
feeds,  and  the  concentration  of  Sr  and  Cu  of  the  crystals  were  lower  than 
that  of  the  feeds,  respectively.  Thus  the  chemical  composition  of  the 
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crystals  was  determined  to  be  Lai . 86Sro . i4Cuo . 9703 . 89 .  La2-xSrxCu04  crys¬ 
tals  had  a  tetragonal  symmetry,  and  the  lattice  parameters  were  determined 
to  be  a=3.793  +0.003A  and  c=13. 20+0.02A  ,  which  were  close  to  values  ob¬ 
tained  from  the  sintered  Lai . ssSro . 15CUO4 . 

Fig.  2  shows  the  temperature  dependence  of  the  electrical  resis¬ 
tivities  of  the  La2-xSrxCu04  grown  crystals.  It  was  obvious  from  the 
resistivities  curves  that  the  La2-xSrxCu04  grown  crystals  are  superconduc¬ 
tors  with  Tc=37.5K  and  A  Tc  =1.1K.  The  superconducting  properties  of  the 
La2-xSrxCu04  grown  crystals  is  significantly  superior  to  that  of  La2-x- 
SrxCu04  single  crystals  reported  previously,  Tc=30K  and  A  Tc  =15K  [6]. 
Indeed,  the  resistivity  along  the  c-axis  is  several  hundreds  times  higher 
than  that  parallel  to  the  a-axis  at  the  non-superconducting  state.  The 
resistivity  along  the  a-axis  at  the  non-superconducting  state  increases  as 
the  temperature  increases,  and  shows 
a  metallic  behavior.  However,  the 
resistivity  along  the  c-axis  at  the 
non-superconducting  state  decreases 
as  the  temperature  increases  up  to 
about  200K  and  shows  a  semiconduc- 
tive  behavior,  but  increases  as  the 
temperature  increases  above  about 
200K,  and  shows  a  metallic  behavior. 

Therefore,  the  La2-xSrxCu04  single 
crystals  have  a  large  anisotropy  of 
the  electrical  resistivity,  and  it 
seems  that  this  anisotropy  is  re¬ 
lated  to  the  K2NiF4-typed  crystal 
structure  of  La2 - x SrxCuC>4  .  The 
details  of  the  resistivities  of  the 
La2-xSrxCu04  single  crystals  will  be 
discussed  elsewhere. 


Temperature  (K) 


Fig. 2  Electrical  resistivities 
of  La2-xSrxCu04  grown  crystals 


CONCLUSIONS 

La2-xSrxCu04  single  crystals  were  grown  by  the  TSFZ  method.  The  crys¬ 
tal  growth  using  a  solvent  with  less  than  75  mol%CuO  caused  precipitation 
of  La20a .  Crystal  grown  with  a  solvent,  containing  more  than  78  mol%CuO, 
produced  single  crystals  of  La2-xSrxCu04 ,  were  black  in  color  with  a 
metallic  luster,  and  contained  no  inclusions  such  as  La203 .  The  grown 
crystals  were  identified  as  single  crystals  by  back-reflection  Laue 
photograph,  and  had  a  tetragonal  symmetry  as  determined  by  powder  XRD 
method.  The  composition  of  the  grown  crystals  were  radially  and  axially 
uniform,  and  were  determined  to  have  the  composition  of 
Lai . 86Sro . i4Cuo. 97O3 . 89  by  EPMA.  As  a  result  of  the  electrical  resistivity 
measurement,  the  La2-xSrxCu04  grown  crystals  were  superconductors  with 
Tc=37.5K  and  ATc=l.lK,  and  were  superior  to  the  La2-x  SrxCu04  single  crys¬ 
tals  reported  previously.  The  electrical  resistivities  of  the  grown  single 
crystals  had  further  a  significant  anisotropy  at  the  non-superconducting 
state,  in  which  the  resistivity  along  the  c-axis  was  several  hundred  times 
higher  than  that  along  the  a-axis. 
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ABSTRACT 

Layer-by-layer  successive  deposition  method  is  one  of  the  most  promising 
methods  to  fabricate  "Tailored  Superconducting  Films".  The  numbers  of  Cu02 
layers,  the  distance  between  the  layers  and  carrier  concentration  of  Bi-Sr-Ca- 
Cu-0  superconductors  have  been  artificially  controlled  to  alter  the 
superconductive  properties  using  this  layer-by-layer  technique  taking 
advantage  of  laser  ablation.  The  addition  and  substitution  of  exotic  atoms 
and  ions  to  Bi-Sr-Ca-Cu-0  superconductor  in  the  bulk  samples  also  alter  the 
superconducting  properties.  The  addition  of  alkaline  metals  lowers  the 
formation  temperature  of  the  superconductor  crystal  and  raises  the  Tc.  The 
rise  of  Tc  is  also  observed  for  the  case  of  Ba  addition. 


INTRODUCTION 

We  report  on  our  recent  research  activities  of  the  high  Tc  oxide 
superconductors,  mainly  focused  on  the  Bi-Sr-Ca-Cu-0 ( called  BSCCO  hereafter) 
and  related  compounds.  The  purpose  of  our  research  on  bulk  ki-Sr-Ca-Cu-0 
ceramics  is  the  design  and  synthesis  of  new  superconductors  with  better 
superconductive  properties.  We  found  that  the  substitution  of  Ba  and  alkaline 
metals,  Li  to  Cs,  for  BSCCO  leads  to  the  higher  Tc. 

The  other  research  activities  are  the  formation  of  "Tailored 
Superconducting  Thin  Films"  in  which  the  structure  of  Cu02  planes  and  carrier 
concentrations  are  controlled  artificially  by  using  layer-by-layer  successive 
deposition  method. 

(I)  Effect  of  addition  and  substitution  of  exotic  atoms  to  BSCCO  in  the  bulk 
phase 

(1-1)  Effect  of  Ba  addition  ^ 

The  addition  of  small  amount  of  Ba  to  BSCCO  enhances  the  high  Tc  phase 
formation.  On  the  addition,  the  volume  percent  of  the  high-Tc  phase  in  the 
Meissner  measurement  increases,  and  simultaneously,  the  Tczero  value  rises. 
The  highest  Tc  obtained  is  108.7K.  The  most  striking  feature  of  the  addition 
is  the  cut  off  of  the  low  Tc  tailing  in  the  R-T  curve.  This  is  due  to  the 
effect  that  added  Ba  decomposes  the  low  Tc  phase  to  get  rid  of  the  nucleation 
of  the  low  Tc  structure  in  the  early  stage  of  the  solid  state  reaction,  and 
enhances  the  high  Tc  phase  formation. 
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2 ) 

/T  7)  Effect  of  alkaline  metal  substitution 

'  *  ,,  nc rrn  lowers  the  formation  temperature  of 

The  addition  of  alkaline  metal  to  BSCCO  lowers  . 

vi  4.-  -v  1 1  w  The  effect  is  greatest  with 
•  dr  Ca.i  CuoO  phase  (2212  phase)  drastically. 

Bi2Sr2Ca1Cu2uy  pn  .  valine  metals.  Elements  with 

Ti  having  the  smallest  ionic  radius  among  alkaline 

smaller  ionic  radii,  Li  and  Na,  make  the  superconducting  properties  e  er 
than  standard  BSCCO.  Li-added  sample  has  the  highest  Tcmid  and  Tconset*  ® 
ore  the  amount  of  Li  is,  the  lower  the  formation  temperature 
hase  is  ,  and  CuO  peak  in  X-ray  diffraction  pattern  becomes  stronger.  n~ 
•ncrease  of  Li  makes  the  higher  Tcmid  in  R-T  curve  and  Meissner  onset 
temperature.  Substitution  experiment  of  Li  at  Bi,  Sr,  Ca  and  Cu  site  revea  e^ 
that  the  exchange  of  Ca  by  Li  is  difficult  but  possible  for  Bi,  r  a, 
sites,  and  the  substitution  of  Li  for  Cu  makes  the  best  superconducting 
properties.  Single  2212  superconducting  phase  have  been  obtained  with  a  o 
of  Li  addition  to  the  Sr  or  Cu  site  showing  Tc  mid  of  76K  and 
respectively,  that  is,  a  big  difference  was  observed  for  the  substitution  a 
the  Sr  and  Cu  site.  The  Meissner  onset  temperature  is  98K  for  the  Li 
substitution.  The  substitution  of  Li  for  the  Cu  at  the  starating  composition 
showed  the  best  result. 

(IX)  Tailored  superconducting  thin  films  prepared  by  layer-by-layer  successive 
deposition 

The  essential  structural  features  of  Cu-based  high  Tc  oxide  superconductor 
are  Cu02  sheets  and  appropriate  amount  of  charge  carriers  for  the  formation 
of  Cooper  pairs.  Positive  ions,  such  as  Ba,Sr,Y,Bi  and  Tl  are  playing  roles  , 
together  with  oxygen,  to  construct  structural  framework  and  to  control  the 
amount  of  charge  carriers  in  the  superconductor.  Accordingly  ,  in  order  to 
elucidate  the  mechanism  of  high  Tc  superconductivity  and  to  control  the 
properties  of  the  copper-based  superconductor,  the  control  of  the  structure  of 
the  Cu02  sheet  and  also  the  control  of  the  amount  of  charge  carriers  are 

necessary. 

The  control  of  the  Cu02-based  structure  means  the  artificial  changes  of; 

(!)  the  numbers  of  the  Cu02  layers,  (2)  the  distance  between  Cu02  layers, 

( 3 )the  bond  distance  of  Cu-0  and  (4)  the  distance  between  Cu  and  O(apex). 

The  numbers  of  carriers  can  be  changed  by  the  control  of 
(1)  the  amount  of  oxygen  and  (2)  the  substitution  of  the  atoms  with  different 

valence  state. 

Here,  we  introduce  the  recent  results  on  the  formation  of  Tailored 
Superconducting  Films"  in  which  the  Cu02  based  structures  and  carrier 
concentrations  are  artificially  controlled  by  using  layer-by-layer  successive 
deposition  method  taking  advantage  of  laser  ablation  technique.  The 

attention  is  focused  on  the  Bi-Sr-Ca-Cu-0  material,  in  which  (I)  the 
numbers  of  the  Cu02  layers  are  changed  from  one  to  five  layers,  (II)  the 

distance  between  Cu02  layers  are  changed  by  inserting  bigger  ions,  such  as  Ba, 
into  the  layers  on  the  atomic  scale,  and  (III)  the  numbers  of  charge  carriers 
are  changed  by  site-selective  Pb  doping  at  the  Bi202  layers. 
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The  apparatus  used  for  the  film  formation  is  shown  in  Fig.1.3> 

The  ArF  laser  beam  is  sequentially  focused  on  the  multi-targets  to  form  a  film 
on  a  MgO  substrate  placed  at  the  opposite  side  of  the  target  in  the  presence 
of  02  or  N20  atmosphere.  For  deposition,  sintered  disks  of  Bi.,_xPbxOy,  SrCuOy, 
CaCuOy,  BaCuOy  and/or  YCuOy  are  used  as  targets  and  each  different  atomic 
layer  is  successively  deposited  from  these  targets  to  form  multi-layered 
structure  as  we  desire.  One  cycle  to  form  one  Bi-Sr-Ca-Cu-0  layer  consists  of 
for  example,  the  sequence  of  the  deposition  from  the  targets,  Bi(Pb)Oy- 
SrCuOy-CaCuOy-SrCuOy ,  and  this  cycle  is  repeated  20  times  to  form  a  film 


Fig • 1 •  An  apparatus  for  the  layer-by-layer  successive 
deposition  using  ArF  excimer. 
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thickness  of  about  300A. 


I?1"!),  ggfiafcion  of  one  to  five  Cu(?2  layer  structure  based  on  Bi-Sr-Ca-nn-o 
compound.4 ' 

As  shown  in  Fig. 2.,  three  phases  of  the  Bi-Sr-Ca-Cu-0  are  known  to  exist 
in  a  bulk  phase,  i.e.  Bi2Sr2Cu-|  ^  called  2201  phase  hereafter)  with  Tc  of  7K 
or  semiconductor,  B  i  2  S  r  2  Ca -j  Cu  2  Oy  (2212  phase)  with  Tc  of  80K  and 
Bi2Sr2Ca2Cu3°y  (2223  phase)  with  Tc  of  11  OK.  Furthermore,  compounds  are 
conceivable  which  contain  four  and  five  Cu02  layers.  The  changes  of  the 
structure  of  these  compounds  are  only  the  changes  of  the  number  of  Ca  and  Cu02 
layers.  Accordingly,  by  using  the  layer-by-layer  successive  deposition 
method,  these  compounds,  containing  one  to  five  Cu02  layers,  can  be  formed,  by 
controlling  the  deposition  time  from  CaCuOy  targets  which  is  sandwiched  by 
Bi2°2  layers.  Actually,  one  to  three  Cu02  layered  structure  have  been  formed. 
Furthermore,  thin  films  containing  four  and  five  Cu02  layers  have  been 
synthesized.  In  this  manner,  the  numbers  of  Cu02  layers  can  be  controlled  by 
the  successive  deposition  method. 


n=3 

Bi2Sr2Cu106  Bi2Sr2Ca1Cu20g 


Fig. 2.  Crystal  structure  of  a  superconductor  of 

system.  A  substance  with  four  or  five  CuO  iaTOrIhj  Bi-Sr-Ca-Cu 

in  bulk.  But  it  can  be  synthesized  by  S^s^c^Ji™^"06  e,“3 
described  here.  y  successive  depositio; 


0 

method 
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(II-2 )  Incorporation  of  exotic  atoms  into  BSCCO  on  the  atomic  layer  scale, — 
site  selective  substitution  of  Ba  for  Ca  or  Sr  site^ — 

For  the  control  of  the  Cu-0  bond  distance  and  the  distance  between  Cu02 
layers,  atoms  having  different  ionic  radii  should  be  incorporated  into  the 
desired  atomic  site  of  BSCCO.  We  have  examined  the  incorporation  of  Ba,  the 
large  +2  ion,  into  Sr  and  Ca  sites  of  BSCCO(see  Fig.  2)  using  layer-by-layer 
successive  deposition.  In  this  experiment,  Ba  atoms  are  co-deposited  when 
CaCuO  layer  or  SrCuO  layer  is  formed  during  the  successive  deposition.  In  the 
former  case,  Ba  is  introduced  into  the  Ca  site,  and  in  the  latter  case  into 
the  Sr  site. 

The  Ba  has  been  actually  incorporated  both  into  Sr  and  Ca  site  to  give  X- 
ray  diffraction  patterns  of  single  Bi2Sr2Ca1 Cu2Oy  phase.  The  incorporation  of 
Ba  was  confirmed  by  EPMA  measurement.  Considering  that  the  substitution  of  Ba 
is  very  difficult  in  the  bulk  phase  with  solid  reaction  starting  from  powdered 
materials^  ^ ,  it  is  understood  that  the  layer-by-layer  successive  deposition 
method  is  a  very  powerful  method  to  incorporate  exotic  atoms  into  the  crystal 
structure.  Interestingly,  the  superconducting  properties  of  the  substituted 
samples  at  the  Sr  and  Ca  sit-s  exhibit  quite  different  behavior  in  the  R-T 
curve.  The  Sr  site  substitution  exhibited  a  semiconductive  R-T  curve,  while 

Ca  site  substitution  leads  to  an  improvement  of  the  Tc  even  compared  with  the 
standard  BSCCO. 

In  this  manner,  the  the  essential  part  of  the  Cu-based  BSCCO  superconductor, 
the  distance  between  Cu02  sheets,  can  be  controlled  by  inserting  large  or 
small  metal  ions  between  Cu02  sheets  using  layer-by-layer  successive 
deposition  technique.  The  bigger  distance  between  Cu02  layers  seems  to  be 
desirable  to  improve  the  superconductivity  by  increasing  two  dimensional 
character. 

(II-3 )  Site-selective  substitution  of  Pb  at  Bi202  layers — control  of  carrier 
concentration^  ^  — 

We  have  tried  a  site  selective  substitution  of  Pb^  +  for  Bi^+  using 
successive  deposition  method  and  studied  the  effect  of  the  substitution  of 
atoms  with  different  valence  state  on  the  superconducting  properties  of 
(  Bi  ,  Pb)  2Sr2Ca-|  Cu20y .  The  (  Bi-|  _xPbx )  2Sr2Ca2Cu2Oy  films  with  systematically 
altered  Pb  content  have  been  prepared  by  this  method.  The  X-ray  diffraction 
pattern  shows  that  all  films  have  almost  single  phase  of  double  Cu02  layer 
structure.^  Thus,  together  with  the  X-ray  and  EPMA  analysis,  we  can 
conclude  that  the  films  having  the  same  crystal  structures,  2212  structure, 
with  different  Pb  concentrations  have  been  obtained.  The  Tczero  and  Tcm^ 
values  increase  drastically,  as  we  expected,  against  the  increase  of  the  Pb 
substitution  from  x=0  to  0.3.  The  films  having  more  Pb,  such  as  x=0.5, 
showed  two  steps  of  the  decrease  of  resistivity  and  lower  Tczero.  In  the 
(La-j  _xSrx)CuC>4  superconductor,  it  has  been  revealed  that  Tc  increases  with  the 
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increase  of  Sr  in  the  small  concentration  region,  and  Tc  decreases  with  large 
Sr  content.  This  phenomenon  is  explained  by  the  hole  doping  and  the 
overdoping,  respectively,  to  La2CuO^  by  the  Sr  doping.  In  the  (Bi^_ 
pbx)2Sr2Ca1Cu2°y  case'  we  have  observed  the  similar  behavior  for  Pb  doping  in 
the  samples  studied  here.  Thus,  the  control  of  the  superconductivity  by  Pb 
doping  can  be  successfully  carried  out. 
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The  bulk  density  of  a  normal  sintered  sample  of 

Bi0  85Pb0  1 5Sr0  8CaCu 1  4°y  with  a  Tc  of  98  K  was  4,81  and  the 

shrinkage  of  the  sample  was  scarcely  observed.  In  hot-pressing  in 

vacuum,  the  bulk  density  was  saturated  above  about  770  °C.  By  hot- 
pressing  at  a  pressure  of  400  kg/cm2  at  770  °  C  in  vacuum  of  5  x  10“~ 
Torr  for  2  h,  the  bulk  density  of  the  hot-pressed  sample  was  6.21  g/cmJ 
,  which  was  higher  than  95  %  of  the  theoretical  density.  The  grains  were 
oriented  with  the  c-axis  along  the  hat-pressinq  axis.  In  the  sample  hot- 
pressed  at  a  pressure  of  300  kg/cm2  at  770  SC  in  vacuum,  the  Tc  was 
observed  at  67  K.  After  annealing  at  830  0  C  in  air  for  40  h,  the  T  was 
102  K  and  the  critical  current  density  at  77  K  in  zero  magnetic  field 
was  646  A/cm2,  which  was  an  order  of  magnitude  higher  than  that  of  a 
normal  sintered  sample. 


1 .  INTRODUCTION 

Recently,  a  new  high-Tc  oxide  superconductor  has  been  discovered  in  the 
Bi-Sr-Ca-Cu-0  system  /I/  and  it  has  been  found  that  the  partial  Pb  substitution 
in  Bi-Sr-Ca-Cu-0  superconductors  resulted  in  the  stabilization  of  the  phase 
with  a  transition  temperature  ( Tc )  of  105  K  (a  high-Tc  phase)  / 2 / .  According  to 
the  study  on  the  single  crystal  of  a  Y-B-C-0  superconductor  / 3 / ,  an  anisotropy 
in  electrical  and  magnetic  properties  exists.  The  critical  current  density  (JQ) 
of  Y-B-C-0  ceramics  is  tow  or  three  orders  magnitude  below  that  of  the  single 
crystal  /4/.  It  is  due  to  the  weak  link  between  grains  and  the  random  direction 
of  grains.  In  order  to  increase  Jc ,  the  ceramics  need  to  be  densified  and 
grain-oriented.  The  Bi-Pb-Sr-Ca-Cu-0  superconducting  powders  are  in  the  form  of 
thin  plate,  which  is  suitable  for  grain-orientation.  However,  it  is  difficult 
to  prepare  dense  Bi-Sr-Ca-Cu-0  ceramics  by  normal  sintering  because  the  packing 
of  the  compact  sample  is  not  good.  Hot-pressing  is  considered  to  be  an 
effective  technique  for  preparing  dense  and  grain-oriented  ceramics.  We  have 
first  succeeded  in  preparing  a  grain-oriented  dense  Bi-Pb-Sr-Ca-Cu-0 
superconductor  by  hot-pressing  / 5 / .  In  the  present  work,  we  carried  out  hot- 
pressing  in  vacuum,  and  investigated  the  relation  between  bulk  density  and  hot- 
pressing  condition  and  the  electrical  properties  of  the  hot-pressed  sample.  The 
study  on  hot-pressing  in  air  will  be  reported  elsewhere  / 6 / . 


2.  EXPERIMENTAL 


61 


Superconducting  ceramic  powder  with  the  starting  composition  of 
Bi0  85Pb0  i5Sr0  8CaCu1>4Oy  was  prepared  by  a  solid-state  reaction.  Appropriate 
amounts  of  Bi203,  PbO,  SrC03,  CaC03  and  CuO  of  high  purity  (99.9%)  were  wet- 
mixed  in  ethanol  and  calcined  at  800  °C.  The  sample  was  ground,  then  pressed 
and  heated  at  835  °  C,  and  cooled  down  to  room  remperature  in  a  furnace,  and  was 
finally  ground.  This  process  (from  pressing  to  grinding)  was  repeated  several 
times  to  ensure  a  complete  solid-state  reaction;  the  total  firing  time  was 
about  50  h.  All  firing  was  done  in  air.  The  powder  was  almost  the  high-Tc 
phase.  The  powder  was  uniaxially  hot-pressed  in  vacuum  of  5  x  10-5  Torr  for  2 
h  using  cylindrical  dice  made  of  carbon.  The  hot-pressed  brocks  were  cut  into 
bars.  These  samples  were  annealed  in  air  or  in  02  gas.  Hot-pressing  ..and 
annealing  conditions  are  shown  in  Fig.1  and  Table  I. 

The  bulk  density  was  measured  by  Archimedes  method.  X-ray  powder 
dif fraction ( XRD)  data  were  taken  at  room  temperature  with  graphite- 
monochromatized  Cu  radiation.  The  values  of  Tc  and  Jc  were  measured  by  a  four- 
probe  dc  method.  The  Tc  measurement  was  carried  out  with  the  current  of  10  mA. 
The  Jc  measurement  was  carried  out  in  liquid  nitrogen  and  in  zero  magnetic 
field.  The  Jc  was  calculated  by  dividing  critical  current  by  the  cross- 
sectional  area  of  the  sample. 

3.  RESULTS  AND  DISCUSSION 

The  bulk  density  of  the  compact  and  the  normal  sintered  sample  were  4.98 
g/cm3  and  4.81  g/cm3,  respectively.  The  shrinkage  of  the  normal  sintered 
sample  was  scarcely  observed.  Figure  1  shows  the  hot-pressing  temperature 
dependence  of  the  bulk  density  for  the  unannealed  sample.  In  the  hot-pressing 
in  vacuum,  the  bulk  density  was  saturated  above  about  770  0 C.  The  bulk  density 
of  the  sample  hot-pressed  at  a  pressure  of  400  kg/cmz  was  6.21  g/cm  ,  which  was 
higher  than  95  %  of  the  theoretical  density.  Despite  hot-pressing  in  vacuum, 
the  high-Tc  phase  was  not  decomposed  and  no  appreciable  change  in  the  lattice 
parameters  was  observed. 

Figure  2  shows  X-ray  diffraction  patterns  for  the  perpendicular  plane  (a) 
and  the  parallel  plane  (b)  to  the  hot-pressing  axis  of  the  hot-pressed  sample 
not  annealed  in  air.  Figure  3  shows  the  SEM  photographs  of  the  fractured 
surfaces  perpendicular  and  parallel  to  the  hot-pressing  axis  of  the  hot-pressed 
sample.  The  grains  were  found  to  be  oriented  with  the  c-axis  along  the  hot- 
pressing  axis. 

The  compact  sample  exhibited  semiconductivity  above  115  K  and  metallic 
conductivity  below  115  K,  although  the  resistivity  was  not  zero  above  25  K.  The 
normal  sintered  sample  had  the  Tc  of  98  K  and  exhibited  metallic  conductivity 
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above  the  Tc.  It  is  concluded  that  in  the  normal  sintered  sample,  the  degree  of 
link  between  grains  increased  as  compared  with  the  compact  sample,  although  the 
shrinkage  of  the  sample  is  scarcely  observed.  Table  I  shows  the  values  of  Tc 
and  Jc  of  the  sample  which  was  hot-pressed  at  a  pressure  of  300  kg/cm^  at  770 
°C  in  vacuum.  The  detail  study  on  the  influence  of  annealing  on  superconducting 
properties  of  the  hot-pressed  sample  has  been  investigated  elsewhere  / 6 /  •  In 
the  sample  before  annealing  in  air,  the  Tc  was  observed  at  67  K.  After 
annealing  in  air,  the  Tc  reached  102  K,  which  was  4  K  higher  than  that  of  the 
normal  sintered  sample  and  the  resistivity  at  room  temperature  was  lower  than 
that  of  the  normal  sintered  sample.  After  annealing  at  830  0  C  in  air  for  40  h, 

•y 

the  Jc  reached  646  A/cm  ,  which  was  an  order  of  magnitude  higher  than  that  of  a 
normal  sinterer  sample. 

4.  CONCLUSIONS 

The  bulk  density  of  a  normal  sintered  sample  of  BiQ  g^Pb^  -|  sSro  gCaCu1  40y 
with  a  Tc  of  98  K  was  4.81  g/cm3  and  the  shrinkage  of  the  sample  was  scarcely 
observed.  In  hot-pressing  in  vacuum,  the  bulk  density  was  saturated  above  about 
770  °C.  By  hot-pressing  at  a  pressure  of  400  Kg/cm2  at  770  °  C  in  vacuum  of  5  x 
10"5  Torr  for  2  h,  the  bulk  density  of  the  hot-pressed  sample  was  6.21  g/cm3, 
which  was  higher  than  95  %  of  the  theoretical  density.  The  grains  were  oriented 

with  the  c-axis  along  the  hot-pressing  axis.  In  the  sample  hot-pressed  at  a 

pressure  of  300  kg/cm2  at  770  °C  in  vacuum,  the  Tc  was  observed  at  67  K.  After 
annealing  at  830  °C  in  air  for  40  h,  the  Tc  was  102  K  and  the  critical  current 

density  at  77  K  in  zero  magnetic  field  was  646  A/cm2,  which  was  an  order  of 

magnitude  higher  than  that  of  a  normal  sintered  sample. 
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Fig.l  Hot-pressing  temperature  dependence  of  the  bulk 

density  of  BiQ  g^PbQ  rQ  gCaCu^  4 0y  ceramics.  (•)  at 
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300  kg/cmz  in  vacuum,  (A)  at  400  kg/cm  in  vacuum. 
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Fig.  2  X-rays  diffraction  patterns  for  the 
perpendicular  (a)  and  the  parallel  (b)  planes  to  the 
hot-pressing  axis  of  the  hot-pressed  Bi-Pb-Sr-Ca-Cu-0 

superconductor. 


Fig. 3  SEM  photographs  of  the  fractured  surfaces 
perpendicular  (a)  and  parallel  (b)  to  the  hot-pressing 
axis  of  the  hot-pressed  Bi-Pb-Sr-Ca-Cu-0  superconductor. 


Table  I  Superconducting  properties  of  the 

Bl0.86Pb0.16Sr0.8CaCu1.4°y  ceramlcs  *hich  was  hot-pressed 


at  a 

pressure  of  300  kg/cm^ 

at  770  *C 

in  vacuum  for  2  h. 

sample 

P 

TC 

j a) 

Jc 

(g/cm3) 

(K) 

(A/cm2) 

VI 

as  hot-pressed 

6.16 

67 

- 

V2 

annealed  at  830  *C 

6.77 

102 

646 

in  air  for  40  h 

V3 

annealed  at  500  *C 

6.17 

97 

32.8 

in  02  gas  for  60  h 

a) 

Jc  was  measured  at  77 

K  In  zero 

magnetic 

field. 
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Abstract  The  superconducting  whiskers  of  Bi ( Pb) -Sr-Ca-Cu-0  system  have  been 
prepared  by  heating  a  glassy  me  1 t~quenched  plate  in  a  stream  of  oxygen  gas.  The 
dimension  of  the  whiskers  is  2-10um  thick,  10-300um  wide  and  l-15mm  long.  -*The 
whiskers  show  two  steps  of  the  electrical  resistance  drop  at  105K  and  73K,  and 
a  zero-resistance  state  around  70K.  From  the  results  of  SQUID  measurements,  the 
volume  fraction  of  the  high-Tc  phase  (2223  phase)  is  found  to  be  less  than  1%. 
The  high-T  phase  is  also  detected  with  a  microarea  X-ray  diffractometer,  which 
revealed  that  the  phase  is  stacked  between  the  low-T  platelike  crystals.  The 
highest  T  (zero)  value  so  far  obtained  is  96K.  The  vofume  fraction  of  the  high- 
T^  phase  depends  on  the  composition  of  a  glassy  melt-quenched  intermediate. 


Introduction 


It  is  well  known  that  the  Bi-Sr-Ca-Cu-0  superconductor  has  two  different 
phases:  one  is  Bi^Sr.CaCu^  (low-T  phase,  T  =80K)  and  the  other  is 
Bi2Sr2Ca pCu^O^ (high-Tc  pnase,  T  =1 10K )  ( 1?  .  Since  theCdiscovery  of  the  Bi  system 
superconductor ( 2 ) ,  many  studies  on  obtaining  a  pure  110K  phase  (high-T  phase) 
have  been  carried  out.  The  single  phase  of  the  high-T  phase  was  obtained  by 
substituting  Pb  for  B i ( 3 )  and  by  reacting  under  low  oxygen  pressure ( 4 , 5 ) .  We 
have  reported  that  the  Bi ( Pb) -Sr-Ca-Cu-0  whiskers  which  mainly  have  the  2212 
structure  with  a  zero  resistance  at  70K  are  formed  by  heating  a  melt  quenched 
plate  in  a  stream  of  C>2  gas(6,7).  From  the  measurements  of  the  temperature 

dependence  of  the  resistivity,  some  whiskers  were  found  to  show  a  resistance 
drop  at  105K  suggesting  a  presence  of  the  high-T  phase  in  the  whiskers.  In 
this  report,  we  determine  where  the  high-T  phase  exists  in  the  whisker  and  to 
what  extent  the  volume  fraction  is.  Further,  the  effects  of  preparing 
conditions  on  the  resulting  phases  are  also  examined. 


Exper imenta 1 

The  Powders  of  Bi20^,  SrCCU,  CaCO^  ,  CuO  and  PbO  were  mixed  with  an 
appropriate  compositions  with  a  ball  mill  and  the  mixed  powder  was  melted  in  an 
alumina  crucible  at  1200°C  for  30  minutes  in  an  electric  crucible  in  air.  The 
melts  were  poured  onto  a  steel  plate  and  were  pressed  quickly.  The  thickness  of 
the  quenched  glassy  samples  was  approximately  1.0mm.  This  process  used  to  form 
the  starting  melt-quenched  plate  is  the  same  as  that  used  for  fabricating  a 
glass  ceramic  superconductor ( 8 ) .  The  obtained  samples  were  heated  on  an  alumina 
boat  at  840°C  for  120h  in  a  stream  of  02  ( 150ml /mi  n)  and  were  cooled  to  room 
temperature  in  the  furnace.  Then  the  wniskers  grown  perpendicularly  to  the 
surface  of  the  quenched  plates  were  obtained. 

The  temperature  dependence  of  the  resistance  and  the  critical  current 
density  (J  )  was  measured  by  a  standard  four-probe  method.  Phase  determination 
was  carried  out  using  a  microarea  X-ray  diffractometer  at  Cu-K  wavelength  with 
an  X-ray  probe  30um  in  diameter.  The  sample  was  mounted  on  a  stage  which  moved 
in  a  manner  of  precession  around  the  three  rotation  axes.  Magnetic 
susceptibility  was  determined  with  a  superconducting  quantum  interference 
device  (SQUID)  mag ne tome te r .  The  surface  structure  of  the  whiskers  was 
investigated  by  a  SEM. 
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Results  and  Discussion 

Figure  1  shows  the  photograph  of  the  whiskers  grown  from  a  melt-quenched 
plate  by  heating  at  840°C  for  120h  under  an  oxygen  gas  stream.  Its  starting 
composition  is  Bi2PbQ  .Sr,  gCa2  2Cu4C>x.  The  melt-quenched  plates  are  curved 
during  the  heating  process  suggesting  the  plates  are  partially  melted.  The 
whisker  grows  slowly  during  the  long  period  of  heating,  reaching  a  maximum 
crystal  length  to  15mm. 

The  temperature  dependences  of  resistance  for  several  samples  are  shown  in 
Fig  2.  These  samples  are  grown  when  the  starring  composition  is 
Bi^Pbfl  ,Sr.  QCa2  2Cu.O  .  For  samples  A  and  B,  two  steps  in  the  resistance  curve 
are  observed,  at*I05R  and  73K,  and  the  value  of  T  (zero)  is  70K.  For  sample  C, 
the  first  drop  occurs  at  105K  but  T  (zero)  is  96K,  higher  than  that  for  A  or  B. 
The  temperature  of  the  first  resistance  drop  is  consistent  with  the  data  for 
the  high-T  phase.  The  ratio  between  the  resistivities  for  the  first  and 
second  drop*  is  dependent  on  samples.  This  ratio  will  reflect  the  fraction  of 
the  high-T  phase  in  the  low-T  phase  along  a  route  between  the  voltage 
terminals.  Sample  C  is  an  examplecin  which  the  route  is  connected  by  the  hi,gh- 
T  phases  throughout  the  voltage  terminals.  On  the  other  hand,  since  the  high- 
Tc  phase  is  not  detected  in  the  X-ray  diffraction  pattern  of  crushed  whiskers, 
tfie  volume  fraction  of  high-T  phase  is  rather  small.  We  estimated  the  volume 
fraction  of  the  high-T  phasecusing  a  SQUID  magnetometer  (Fig.  3).  The  slight 
diamagnetic  susceptibifity  between  100K  and  75K  is  attributed  to  the  high-T^ 
phase.  From  the  comparison  of  the  diamagnetic  susceptibility  at  100K  and  70K, 
the  volume  fraction  of  the  hi.gh-Tc  phase  is  estimated  to  be  about  0.6%. 


Fig.  1.  Bi (Pb) -Sr-Ca-Cu-0  whiskers 
grown  by  heating  a  glassy  melt- 
quenched  plate  in  a  steam  of  02 . 


Temperature  (K) 

Fig.  2.  Temperature  dependence  of  the 
normalized  resistance  of  the  whiskers. 
A  is  a  typical  example,  B  is  an 
example  where  the  resistance  drops 
close  to  zero  at  105K,  and  C  Is  a 
sample  which  has  T  (zero)  at  96K. 


0  so  loo 

Temperature  (K) 

Fig.  3.  Temperature  dependence  of  the 
magnetic  susceptibility. 


As  shown  in  Fig.  4,  each  whisker  shows  a  characteristic  surface  structure 
consisting  of  several  platelike  single  crystals  (2-5um  x  10-300um  x  1-I5m) 
which  are  stacked  in  a  layered  structure  along  the  direction  of  thickness.  The 
front  surface  of  the  whisker  is  wide  and  flat  consisting  of  well  grown  face  of 
single  crystal  (Fig.  4-a)  ,  while  the  side  one  is  rather  rugged  piled  up  with 
platelike  crystals (Fig.  4-b) .  In  the  side  view,  mid  layers  between  the  piles 
are  not  always  connected  from  top  to  end  parts  of  the  whisker.  In  order  to 
determine  where  the  high-Tc  phase  exists  in  such  a  layered  structure,  we 
carried  out  diffraction  measurements  with  a  microarea  X-ray  dif f ractometer 
equipped  with  an  X-ray  probe  of  30um  diameter. 

Figure  5(a)  shows  the  X-ray  diffraction  patterns  for  well  grown  surface 
taken  at  eight  different  positions  along  the  long  axis  of  the  whisker.  For  all 
the  measured  positions,  each  peak  can  be  assigned  to  that  of  the  low-T  phase. 
The  high-Tc  phase  was  not  detected  in  the  flat  surface  of  the  whciskers. 
Conversely,  when  the  X-ray  irradiates  on  the  side  surface  of  the  whisker,  peaks 
with  (OOjlO)  ,  (001_2)  r  (0014)  and  (001_6)  indices  due  to  the  high-T  phase  are 

observed  in  some  positions,  as  shown  in  Fig.  5(b).  Therefore,  we  conclude  that 
the  high-Tc  phase  is  contained  in  the  intermediate  layer  sandwiched  between  ,(the 
wel  l-grownc  plates  of  the  low-T  phase.  The  crystals  of  the  high-T  phase  'are 
not  always  connected  from  top  to  end  of  the  whiskers,  and  they  e£ist  in  the 
whiskers  as  mid  layers.  As  for  the  temperature  dependence  of  resistance,  the 
resistivity  ratio  between  the  drops  at  105K  and  73K  changes  from  sample  to 
sample.  This  is  considered  to  be  due  to  difference  of  the  fraction  of  the  high- 
Tc  phase  between  the  vol  tage2  terminal  s  .  The  J  value  of  a  sample  having  the 
TC(zero)  at  70K  was  67000A/cni  at  63K  in  a  zeroCmagnetic  field,  while  the  value 

for  another  sample  with  the  Tc(zero)  at  96K  was  450  00A/crri  a±  the  same 

condition.  At  77K,  the  latter  sample  showed  the  J  value  of  540A/cm  .  Since  the 
J  current  is  conducted  only  through  the  minority  portion  of  the  whisker  at 
77K,  the  net  J  value  for  the  high-T  phase  will  be  far  larger  than  the 

apparent  one. 


Fig.  4.  Scanning  electron  micrograph 
of  the  well-grown  surface  (a)  and 
the  side  surface  (b)  of  the  Bi(Pb)- 
Sr-Ca-Cu-0  whisker. 


Fig.  5.  Microarea  X-ray  diffraction 
patterns  of  the  well-grown  surface 
(a) ,  and  the  side  surface  (b) . 
Peaks  marked  with  circle  coincides 
with  those  of  high-Tc  phase. 
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In  order  to  increase  the  volume  fraction  of  the  high-Tc  phase,  we  examined 
the  growing  phases  in  the  whiskers  grown  from  different  starting  compositions 
and  under  different  heating  temperatures  by  using  a  X-ray  diffractometer. 
Figure  6  shows  the  composition  region  where  the  whiskers  grow  at  840°C  for  120h 
in  a  stream  of  0,  gas.  The  starting  composition  was  changed  on  the  triangular 
diagram,  where  Bx,SrpCu20  ,  CaCuO  and  PbO  are  located  at  the  vertices.  The 
whiskers  grow  in  wide  starting  composition  range  for  the  heating  condition.  For 
example,  the  compositions  of  a,  b  and  c  in  Fig.  6  are  Bi 2PbQ  ^Sr2CaCu20^, 
Bi0PbSr0CapCu. n0  and  Bi.Pb,  ,Sr?Ca6  5Cu8  50  respectively.  -Each  whisker 
indicated  in  Fig. *6  has  the  low-T  structure  except  for  sample  d.  The  powder  X- 
ray  diffraction  pattern  of  the  sample  d  is  shown  in  Fig.  7.  Some  peaks  of  the 
high-T  phase  are  observed,  and  the  intensity  of  the  high-T  phase  is 
comparaSle  to  that  of  the  low-T  phase.  We  are  expecting  the  volume  Traction  of 
the  high-T  phase  is  able  to  increase  by  adjusting  the  starting  composition. 


B  (2  S  r£  Cu  2^x 


CaCuOx 


Fig.  6.  Starting  composition  range  Fig.  7.  X-ray  powder  diffraction  pattern 
of  growth  of  the  whiskers  heating  for  sample  d. 
at  840 °C  for  120h.  The  closed 
circle  indicate  the  whisker  growth. 
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Formation  of  silica  gels  with  micrometer-sized,  continuous  pores  from 
highly  acidic  solutions  of  tetramethoxysilane  has  been  described.  The 
presented  gels  are  shown  to  be  appropriate  as  the  precursor  of  bulk  silica 
glasses,  because  of  their  large  pores  and  monolithity.  Characteristics  of 
the  constituent  particles  and  sintering  behavior  of  the  gels  have  been 


Introduction 

Preparation  of  shaped  silica  glasses  by  the  sol-gel  method  has  been  attracting  much 
attention,  where  monolithic  silica  gels  are  transformed  into  bulk  silica  glasses  by  heat 
treatment  at  relatively  low  temperatures  [1].  The  precursor  silica  gel  monoliths  are  obtained 
by  gelation  of  hydrolyzed  silicon  alkoxide  solutions  and  drying  of  the  wet  gels.  Formation  of 
cracks  in  the  gel  bodies  during  drying  of  the  gels  is  the  problem  often  encountered  in  the 
sol-gel  process.  Crack  formation  is  thought  to  be  suppressed  by  making  gels  with  large,  con¬ 
tinuous  pores,  which  reduce  capillary  pressure  generated  on  the  gel  framework  [2],  and  several 
methods  based  on  this  idea  have  been  presented  [3,4]. 


The  present  authors  have  developed  one  method  which  enables  formation  of  crack-free  bulk 
gels  composed  of  micrometer-sized  pores  and  particles  using  highly  acidic  solutions  of 
tetramethoxysilane  (TMOS)  [5J.  The  gels  may  serve  as  precursors  of  porous  silica  glasses  as 
well  as  pore-free  silica  glasses,  where  glasses  with  continuous  pores  of  3ubmicron  or  micron 
order  in  size  are  expected  to  be  obtained  only  by  heating  the  gel  monoliths.  In  the  present 
paper,  formation  of  such  gels  from  alkoxide  solutions,  properties  of  the  gel  constituents  and 
sintering  behavior  of  the  gels  are  described. 


Formation  of  opaque  gel  monoliths 

Flow  diagram  of  the  procedure  for  making  gel  monoliths  is  shown  in  Fig.  1.  Methanolic 
solution  containing  water  and  hydrochloric  acid  is  added  to  methonolic  solution  of  TMOS  under 
vigorous  stirring.  Gels  with  micrometer-sized  pores  and  particles  are  formed  when  the  molar 
ratio  of  water  to  alkoxide  is  limited  as  low  as  1.5  and  the  ratio  of  the  acid  to  alkoxide  as 
high  as  0.4  is  used.  The  solution  turns  opalescent  and  opaque  before  gelation,  and  an  opaque 
gel  monolith  is  obtained  as  shown  in  Fig.  2  (a).  SEM  photograph  of  the  dried  gel  obtained 
from  the  solution  of  molar  composition,  TMOS  :  HgO  :  HC1  :  CH^DH  =1  :  1.53  :  0.4  :  2,  (Fig.  2 
(b))  indicates  that  the  framework  of  the  gel  is  composed  of  connected  particles  of  5 fxm 
diameter.  Smaller  amount  of  HC1  and  larger  amount  of  water  decreases  the  particle  size  [5]. 
When  the  water  to  alkoxide  molar  ratio  is  kept  constant  at  1.53,  the  particles  size  increases 
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S i ( OCH3 ) 4 
CH3OH 


FIGURE  1  Flow  diagram  of 
the  sol-gel  processing  for 
making  opaque  silica  gel 
monoliths. 


FIGURE  2  Appearance  (a)  and  SEM  photograph  (b)  of  the  dried 
gel  obtained  from  the  solution  of  molar  compostion,  Si(0CH3)4 
:H20:HC1 :CH30H  +  1:1.53:0.4:2. 


as  the  HC1  content  as  shown  in  Fig.  3* 

It  should  be  noted  that  formation  of  such  opaque  gels  with  micrometer-sized  particles  is 
unique  in  the  TMOS  -  H20  -  HC1  -  CH^OH  solutions  [6].  Alkoxides  and  alcohols  having  larger 
alkyl  groups  than  TMOS  and  methanol,  and  acids  with  smaller  dissociation  constants  than  HC1  do 
not  work. 


Nature  of  the  polymerized  species  formed  in  the  solutions 

The  well-known  Stober  method  [7]  can  supply  round-shaped  particles  of  submicron  or  micron 
order  in  size,  where  alkoxide  solutions  containing  excess  amount  of  water  and  ammonia  are 
used.  Formation  of  such  particles  in  highly  acidic  TMOS  solutions  is  not  familiar  to  us  and 
those  particles  are  quite  different  in  nature  from  those  formed  in  basic  solutions.  First, 
the  particles  formed  in  the  solution  are  soluble  in 
non-polar  organic  solvent.  Opaque  sols  turn 
transparent  when  organic  liquids  such  as  benzene  are 
added  and  resultant  gels  have  much  finer  microstructure 
f 5] •  This  indicates  that  the  micrometer-sized  par¬ 
ticles  formed  in  the  solution  are  secondary  particles 
composed  of  particles  or  polymers  having  lipophilic 
nature.  Second,  these  particles  are  composed  of  weakly 
cross-linked  Si-0  bonding*  The  smaller  amount  of  water 
than  needed  in  the  formation  of  three-dimensional, 
cross-linked  Si-0  network  may  lead  to  polymerization 
reaction  between  partially  hydrolyzed  alkoxides. 

Figure  4  shows  ^Si-NMR  spectra  of  the  dried  silica  gel 
from  a  highly  acidic  TMOS  solution  and  silica  particles 
obtained  by  the  method  similar  to  Stober  method.  Lower 
degree  of  Si-0  cross-linking  is  seen  in  the  gel  derived 
from  highly  acidic  solution;  component,  silicon  with 


HC 1 /TMOS 

FIGURE  3  The  dependence  of  the 
particle  size  and  gel  bulk  density 
on  the  HC1  content  for  the  solu¬ 
tions  of  molar  composition,  Si(0CH3)4 
: H2O : HC1 : CH3OH  =  1:1.53:0.01-0*40:2. 
The  solutions  were  kept  at  40°C  in  an 
uncovered  beaker. 


3  bridging  oxygens,  is  the  main  constituent  in  the  gel,  whereas  a  smaller  amount  of  Q2 
component,  silicon  with  2  bridging  oxygens,  and  a  larger  amount  of  Q4,  silicon  with  4  bridging 
oxygens,  are  observed  in  the  spectra  of  the  particles  derived  from  the  basic  solutions. 

These  properties  of  the  polymerized  species  which  build  up  the  gel  framework  affect  the 
surface  properties  of  the  gel.  Because  of  the  presence  of  a  large  amount  of  unhydrolyzed 
methoxy  groups  on  the  particles,  the  surface  properties  are  changed  when  the  gel  is  aged  in 
the  ambient  atmosphere.  Hydrolysis  and  condensation  reaction  proceed  in  the  presence  of  water' 
vapor  in  the  atmosphere  even  after  gelation  and  removal  of  the  solvent  [8,9].  By  exposing  the 
dried  gel  in  the  40  °C  atmosphere,  surface  of  the  gel  particles  becomes  smooth  by  hydrolysis 
and  condensation  reaction  as  shown  in  Fig.  5,  and  the  specific  surface  area  decreases  from  155 
m2/g  after  2  days  aging  to  60  m2/g  after  13  days  aging. 


Sintering  behavior  of  the  porous  gels 

Figure  6  shows  linear  thermal  shrinkage  curves  of  the  gels  derived  from  the  solution  of 
the  composition,  TMOS  :  H20  :  HC1  :  CH30H  =  1  :  1 . 53  s  x  :  2  (x  =  0. 1 5 ,  0.25  and  0 .40) .  Dras¬ 
tic  shrinkage  due  to  viscous  sintering  is  seen  in  the  temperature  range  of  1000  -  1200  °C,  and 
the  temperature  where  the  sintering  occurs  rises  as  the  particle  size  increases,  namely,  the 
HC1  content  in  the  starting  solution  increases  [10].  Larger  particle  size  and  smaller 
specific  surface  area  give  smaller  driving  force  for  viscous  sintering,  which  increases  the 
temperature  for  occurrence  of  the  sintering. 


FIGURE  5  Maginified  SEM  photographs  of  the  surface  of  the 
gel  framework  shown  in  Fig.  2  (b).  (a)  Dried  for  2  days  and 

(b)  dried  for  13  days  in  a  40°C  oven. 


FIGURE  4  29$i-NMR  spectra  of  the 
silica  gel  and  particles. 

(a)  Silica  gel  derived  from  the 
highly  acidic  solution  of  molar 
composition ,  Si ( OCH3 ) 4 : H?0 : HC1 : 
CH3OH  =  1:1.53:0.4:2. 

(b)  Submicron  particles  obtained 
by  the  method  after  Stober’s 
using  a  basic  solution  of  molar 
composition.  Si (0CH3)4:H20:NH3: 
CH3OH  =  1:30:5:171. 
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Temperature  (°C) 


FIGURE  6  Linear  thermal  shrinkage 
of  the  gels  derived  from  the  solu¬ 
tion  of  molar  composition,  Si  (0^3)4 
:H20 :HC1 : CH3OH  *  1:1.53:0.15-0.40:2. 


FIGURE  7  SEM  photograph  of 
the  fracture  surface  of  the 
porous  silica  glass  obtain¬ 
ed  by  heating  the  bulk  gel 
shown  in  Fig.  2  at  a  rate 
of  5°C/min  to  1300°C  and 
keeping  there  for  3h. 


Controlled  heat  treatment  can  transform  the  gels  into  porous  silica  glasses.  The  gel 
shown  in  Fig.  2  was  converted  to  a  bulk  porous  glass  by  heating  at  a  rate  of  5  °C/min  to  1300 
°C  and  kept  there  for  3  h.  The  microstructure  of  the  fracture  surface  of  the  resultant  porous 
glass  is  shown  in  Fig.  7,  where  pores  more  than  1  in  size  are  seen.  Controlling  the  size 
of  the  gel  particles,  degree  of  hydrolysis  and  condensation  reaction  after  gelation  and  heat¬ 
ing  temperature  and  time  may  serve  silica  glasses  with  various  pore  characteristics. 
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PREPARATION  OF  B203  -  Si02  AND  Al^  -  S102  COATING  FILMS  BY  THE 
SOL  -  GEL  METHOD 

Byung-Hoon  Kim,  Seok-Jin  Choi*  Kyu-Soek  Hwang 

Department  ©f  Ceramic  Engineering 
Cheonnam  National  University 

300  Yongbong-dong,  Buk-gu,  Kwangju  500-070,  Korea 

Glass  films  have  been  prepared  on  soda  lime  silica  slide  glasses  by  the 
sol— gel  process  using  the  dip-coating  technique  from  tetraethyl  ortho¬ 
silicate  (TEOS)  and  aluminum  nitrate  or  boric  acid.  Mx0y-Si02  (  M  =  A 1 
and  B)  films  containing  up  to  40mol%Al2O3  an<^  20mol%B2O3  each  other  were 
transparent  and  adherent  to  substrates.  The  various  parameters  such  as 
viscosity , withdrawal  speed, composition  were  determined.  Optical  trans¬ 
mission  and  refractive  index  of  this  films  were  measured.  Optical  tran¬ 
smittance  of  substrates  increased  with  increased  B203  or  Al2°3  content 
up  to  15mol%  B203  and  32.5mol%  Al.^. 

1.  Introduction 

Alkali-free  borosilicate  glasses  exhibit  larger  energy  gaps  than  compo¬ 
site  glasses  such  as  soda— lime— silicates  and  have  a  minimum  refractive  index 
at  an  intermediate  composition. ( 1 , 2 )  Thus  borosilicate  glass  could  serve 
as  a  passivation  layers  for  the  microelectronic  devices  based  on  silicon  and 
clading  material  for  a  pure  fused  silica  core  fiber  optical  waveguide. 

These  g lasses , however , are  hygroscopic  in  the  boron-rich  compositions ( 3 )  and 
require  high  temperature  to  prepare  the  silica-rich  compositions.  These 
glass  were  usually  prepared  by  the  reflow  of  glass  powders  or  the  chemical 
vapor  deposition (CVD) . 

The  coating  of  glasses , ceramics  and  metals  with  thin  films  is  probably 
one  of  the  most  important  applications  of  sol-gel  process. (4)  The  deposi¬ 
tion  of  these  glassy  films  greatly  modifies  the  optical , mechanical  or  elec¬ 
trical  properties  of  the  substrates.  The  process  by  which  to  obtain  seve¬ 
ral  types  of  coatings  from  metal-organic  solutions  as  well  as  their  chara¬ 
cterization  and  applications  have  been  described  in  several  publication. ( 5) 
In  the  present  work  the  B2C>3  -  Si02  binary  glass  layers  in  the  silicon- 
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rich  compositions  were  prepared  by  the  sol-gel  process  to  obtain  transparent 
coating  on  glass  substrates  using  the  dip-coating  technique  and  the  Al2°3 
-  Si°2  binary  system  glasses  were  also  prepared  for  compare, 

2.  Experimental 
2-1.  preparation  of  solution 

To  prepare  the  starting  solution  for  coating / TEOS / ethanol  and  methanol 
were  mixed, and  water  containing  nitric  acid  as  catalysis  was  then  added 
slowly.  ^rstThis  solution  was  composed  of  TEOS  ,  ethanol ,  methanol ,  water  and 
nitric  acid  in  the  volume  ratio  of  1,0.35,2.07,0.42  and  0.11. 


Fig.l.  Flow  chart  function  of  time  from  preparation. 


(  □  :A1  25,  o:B  15) 

Fig.l.  shows  schematic  procedure  of  this  experiment  and  fig. 2.  shows 
viscosity  of  coating  solution  as  a  function  of  time  from  preparation. 

2-2.  coating  technique  and  heat  treatment 

The  coatings  were  deposited  on  soda  lime  silica  slide  glasses  previously 
cleaned.  The  cleaning  schedule  were  as  follow: 

1)  immersion  in  NaOH(5  wt%) solution  2)  washing  with  distilled  water 
3)  cleaning  in  the  ultrasonic  bath  4)  washing  with  aceton 

5)  drying  at  room  temperature  and  storage  in  dessicator 

The  slide  glasses  were  dipped  into  the  solution  and  withdrawn  at  a  rate 

of  10.048  cm/min.  After  coating, the  slide  glasses  were  immediately  heated 

/ 

up  to  500°C  at  10  -  20°C/min. 

2-3 .  Characterization  of  the  coatings 

The  viscosity  of  the  solution  was  measured  using  rotating  viscosimeter 
and  Os twald-Fenske  viscosimeter.  The  thickness  of  the  films  were  measured 
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Difference  of  Transmittance 


optically.  The  optical  properties  such  as  UV  and  IR  transmittance  and 
refractive  index  of  glass  films  were  measured  by  UV  and  IR  spectrophoto¬ 
meter, and  El  1 ipsometer . 


3.  Results 


^  =  dynamic  viscosity 
/o  =  solution  density 
g  =  acceleration  due  to  gravity 

Thus,  the  thickness  of  films  were  adjusted  below  0.4  pm. 


Fig.  3.  Thickness  variation  of  dense  film  of 

*5^2  as  a  function  of  withdrawal  speed. 
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Fig . 4 . Transmit tance  between  coated  and  un¬ 
coated  slide  glasses. 

(O:AU0,  a:  A115,#:A125,  a:  A 132. 5) 


Fig . 5 . Transmittance  between  coated  and  un¬ 
coated  slide  glasses. 
(o:B5,a:B10,e:B15,a:B20) 


Fig. 4.  shows  the  optical  transmission  spectra  of  “  S^°2 

coated  substrates.  Optical  transmittance  of  substrates  coated  by  these 
films  were  increased  with  Al203  content.  The  maximum  transmittance  of 
substrate  at  500nm  was  obtained  at  32.5mol%  A^O^. 

Fig. 5.  shows  the  optical  transmittance  in  the  -  Si02  system. 

The  maximum  transmittance  was  obtained  at  15mol%  B2°3*  The  d^minut:*-on 
of  transmittance  at  20mol%  accord  with  refractive  index  data  followed. 
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Refractive  index  as  a  function  of  and  content  for  films  in 

the  binary  system  MO  -  SiO  (M=  A1  and  B)  was  shown  in  fig. 6  and  7. 

x  y  2. 

The  refractive  index  of  glass  films  decreased  with  increased  &2°3  and  A12° 
contents  but  increased  suddenly  at  20mol%  B2 03  .  The  increase  of  refrac¬ 
tive  index  at  20mol%  Bo0_  seemed  to  be  caused  by  the  crystallization  of 

2  3  Type  Authors  Address  Here 


Refractive  index  of  Al203~Si02  films  as 
function  of  the  molar  proportion  of  A^O^. 


Fig. 7.  Refractive  index  of  B203*Si02  films  as  a 
function  of  the  molar  proportion  of  B  0^ 


800  60 


800  6 


IR  spectra  of  the  Al,03-Si02  s; 


-0,-SiO,  sy 


Fig. 8  shows  IR  spectra  of  A1203  -  Si02-  The  absorption  band  at  1100 
cm-"1  in  lOmol %  A12P3  was  assigned  to  the  stretching  vibration  of  Si-O-Si 
bonds  in  the  amorphous  Si02  .  The  absorption  band  in  32.5mol%  Al203  was 
observed  at  1030  cm  1 , a  little  lower  wave  number  than  for  10mol%  Al203- 
This  shift  was  considered  to  be  caused  by  the  substitution  of  Al2C>3  for 
Si02  . 

Fig. 9  shows  IR  spectra'  of  B203  -  Si02.  The  following  IR  bands  were 
observed  in  the  B^O^’-'SiO  system  :  1400cm-1(B-0  bond), 1070cm  1(Si-0 
asymmetric  stretching) ,960cm  1 (Si-O-B  bond) , 7 9 0cm" ^ (Si-O-Si  bond), 650cm 
(Si-O-B  bond)  . 

4.  Summery 

The  preparation  of  MO  -  SiO  (M=  A1  and  B)  films  by  the  sol-gel 

x  y  & 

method  was  investigated .  Very  transparent  thin  films  containing  up  to 
20mol%  B203  and  40mol%  Al203  were  obtained.  The  maximum  transmittance 
at  500  nm  for  substrates  cpated  by  the  film  containing  32.5mol%  A1 20 3 
and  15mol%  B203-  This  process  is  very  convenient  and  applicable  to 
other  compositions. 
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In  producing  dielectric  glass  ceramics,  Ba  and  Ti  were  adopted  as 
elements  of  ferroelectric  crystalline  phase  and  Si,  Al  and  B  as 
network  formers  and  Mg  as  addtive.  XRD  analyses  indicated  that 
crystalline  phases  precipitated  in  dielectric  glass  ceramics  were 
BaTi03  and  BaaTiSiOs.  With  adding  BaOa ,  the  amount  of  a 
ferroelectric  phase  of  BaTi03  increased.  It  also  increased  when  Mg 
ion  was  added.  Investigating  temperature  dependence  of 
permittivity,  Curie  Piont  was  shifted  from  about  120  °C  to  50  °C, 

As  the  grain  size  of  BaTi03  approached  lPm  ,  permittivities 
increased . 

Since  discovered  in  1950’s  at  first,  useful  glass  ceramics  in  many  fields  have 
been  researched  and  developed.  The  production  process  of  glass  ceramics  have  the 
advantage  of  easing  the  change  of  shape  as  thinner  sheets  than  conventional  sintering 
products  and  of  removing  porosity  and  voids  completely.  So,  those  will  be  used  as 
laminated  capacitors  which  have  the  character  of  high  dielectric  strength.  Dielectric 
properties  of  the  glass  ceramics  can  be  controlled  by  initial  glass  composition  and  by 

its  heat  treatment.  In  this  report,  the  kinds  of  crystals  precipitated  in  the  glass 
matrix  according  to  the  changes  of  heat  treatment  conditions  and  electrical  properties 

of  its  products  then  were  studied. 

1 .  Compositions 

It  is  important  which  network -forming  oxides  were  used  for  precipitating  crystals 
of  BaTiOs  in  the  glass  matrix.  Generally  network- forming  oxides  are  not  participated 
in  forming  ferroelectric  phases  and  these  are  the  elements  of  crystalline  phases  which 
may  have  an  adverse  effect  on  the  electrical  properties  of  product.  So,  it,'  is 
necessary  to  produce  no  devitrified  glass  and  then  precipitate  primary  phase  of  BaTiOn 

through  controlled  heat  treatments  by  adding  the  minimum  amounts  of  network- forming 

■  1 1  ./ 
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oxides.  The  researches  on  BaTi03  glass  ceramics  have  been  chiefly  accomplished  by 
Andrew  Herczog  and  the  reported  results  of  present  research  on  its  compositions  have 
been  confined  within  these  of  his  research.  He  reported  that  Si  and  A1 ,  as  network 
former ,  must  have  nearly  equal  atomic  ratio .  ( 1  >  But  excess  amounts  of  Al  cause  the 
melting  temperature  to  increase  and  give  difficulty  in  obtaining  stable  glass  without 
devi trification.  Firstly,  the  element  of  Si  was  chosen  as  a  main  network  former, 
while  adding  a  few  amounts  of  Al  and  B,  and  mole  fractions  in  the  elements  ot  Ba  and 
Ti  were  changed.  Next,  precipitated  crystalline  phases  were  surveyed  with 
con<j»aratively  increasing  the  amount  of  B  and  decreasing  that  of  Si.  Permittivities  of 
BaTi03  glass  ceramics  change  rapidly  near  the  Curie  point  like  those  of  BaTiC>3 
sintering  products.  Sine  ferroelectric  ceramics  possess  useful  properties  in  the 
solid  solutions  form,  efforts  were  made  to  precipitate  the  ferroelectric  phase  in  the 
solid  solution  form  by  substituting  suitable  cations  such  as  Sr,  Pb  and  Zr  in  the 
glass  ceramics.  But  the  solid  solution  did  not  seem  to  crystallize  in  glass  ceramics 
while  the  reduction  of  ferroelectric  phase  by  the  precipitation  of  another  phase 
occured  instead  of  the  formation  of  solid  solution.^2*  In  this  study,  the  effect  on 
the  formation  of  ferroelectric  crystalline  phase  by  the  variation  of  network  former 
and  by  adding  Mg  ion  which  might  substitute  site  of  Ti  ion  in  perovskite  structure  and 
then  the  shift  of  Curie  Point  were  investigated.  The  compositions  of  various  glasses 
are  given  in  table  1. 

Table  1.  Compositions  of  BaTi03  glass  ceramics  (wt  %) 


2U 

Si02 

AI2O3 

B2O3 

BaOOs 

Ti02 

MgO 

1 

10.79 

2.29 

1.56 

62.02 

21,52 

1.81 

2 

10.33 

2.19 

1.50 

63.64 

20.61 

1.73 

3 

9.91 

2.10 

1.44 

65 . 12 

19.77 

1.66 

4 

9.60 

2.04 

1.39 

63.04 

22.33 

1.61 

5 

10.99 

2.33 

1.59 

63.17 

21.92 

0.00 

6 

10.08 

2.14 

1.46 

66.21 

20,11 

0.00 

7 

8.19 

2.31 

3.16 

62.74 

21.77 

1.83 

8 

7.83 

2.22 

3,03 

64.33 

20.84 

1.75 

2 .  Glass  forming 

The  melting  temperatures  of  batches  were  changed  at  the  range  of  temperatures 
from  1100  °C  to  1400  °C  according  to  initial  glass  composition.  Batches  were  melted 
for  2  hours  at  1400  °C  to  shorten  melting  time  in  a  covered  Pt  crucible.  The  melt  was 


80 


quenched  rapidly  between  two  stainless  steel  slabs  preheated  at  600  °C  to  produce 
glass  sheets  of  about  2mm  thick  and  10cm  diameter  and  quickly  tranf erred  to  another 
pre-heated  furnace  maintained  at  600  °C  for  annealing.  Since  the  viscosities  of  melts 
were  relatively  low  which  contained  network  former  as  a  low  rate*  these  were  rapidly 
crystallized  nearby  the  liquidus  temperature.  For  preventing  the  crystallization  of 
melt  on  cooling,  the  above  quenching  procedure  was  necessary  from  the  liquid  phase  to 
the  glass  phase. 


3.  Heat  treatment 

Single-step  heat  treatment  is  used  when  nucleation  occurs  simultaneously  with 
crystallization,  when  nuicleation  occured  already  during  product  cooling,  or  during 
heating  to  the  crystalization.  Fahmy1* 3  >  reported  that  glasses  containing  Ti02  would 
require  only  a  single  heat  treatment  to  attain  the  desired  glass  ceramics,  since  such 
additions  were  found  to  shift  the  nucleation  peak  to  higher  temperatures,  closer  to 
that  of  the  growth  peak.  Actually  since  both  nucleation  and  growth  rate  curves 
overlapped  over  a  range  of  temperatures,  in  the  present  work  single  heat  treatment  was 
applied  to  BaTi03  glass  ceramics.  Each  grain  of  BaTiOs  glass  ceramics* 4 >  will  form 
twins  that  deteriorate  permittivity  at  above  the  grain  size  of  about  in  diameter 
as  that  of  sintering  product  because  the  domain  wall  energy  is  smaller  than  that  of 
bulk  strain.  Heat  treatment  is  therefore  important  for  elevating  the  permittivity  of 
the  produced  samples.  The  heat  treatment  condition  is  as  follows.  Hie  glass  products 
were  heated  to  550  °C  at  a  rate  of  5  °C/min  and  then  to  a  temperature  between  800- 
1000  °C  at  a  rate  of  3  °C/min  considering  the  movement  of  ions  and  for  2  hours  at  the 
range  of  above  crystallisation  temperatures. 


4 .  Discussion 

The  crystalline  phases  were  identified  as  BaTi03  and  Ba2TiSi208  by  x-ray 
diffraction  analysis ( f ig. J) .  DTA  curve  in  fig. 2  shows  two  exothermal  peaks  at  735  *C 
and  764  °C  representing  crystallisation.  XRD  indicated  that  fresnoit  (Ba2TiSi208 ) 
crystalline  phase  was  formed  near  735  °C  and  BaTiO.i  crystal  phase  near  764  °C.  So ,  in 
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Fig  1.  XRD  Patterns  showing  crystallisation  of  BaTiOa 
and  Ba2TiSi20e 


735 


Fig  2.  DTA  patterns  of  BaO-Ti02  -Si02  -B2O3  glass 

initial  glass  compositions  containing  lots  of  Si  ion,  the  precipitation  of  fresnoit 
crystal  would  be  easy.  Herczog  reported  that  the  permittivity  is  more  larger  when  Ba 
and  Ti  ion  have  almost  stoichiometric  values.  In  that  case,  Si  and  A1  as  network 
former  were  added  by  nearly  the  same  amount  and  these  formed  network  structure  and 

effectively  suppressed  to  precipitate  adverse  crystalline  phases.  On  experimental 
compositions,  before  being  formed  BaTi03  crystalline  phase,  fresnoit  crystalline  phase 
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was  formed.  So,  it  was  needed  to  add  much  amount  of  Ba  element.  As  can  be  seen  from 
fig.l  the  more  precipitation  of  BaTi03  crystals  were  obtained  with  an  excess  of  Ba 
elements  than  with  stoichiometric  compositions.  In  sample  4,  Ti  element  was 
relatively  more  added  than  in  sample  3.  Ti  ions  are  the  element  which  forms  crystal 
and  si wilataneously  acted  as  a  network  former.  So,  in  above  sample  4,  more  added  Ti 
ions  act  as  an  network  former  instead  of  forming  crystal.  As  a  result,  the 
X>recipitations  of  BaTiOa  and  Ba2TiSi2  0s  decreased.  In  contrast  to  samples  1  and  3,  Mg 
ion  was  not  added  in  samples  5  and  6.  X-ray  intensities  of  BaTi03  crystal  phase 
decreased  in  comparision  with  BazTiSizOs  in  samples  5  and  6.  So,  there  are  some 
possibilities  in  the  isomorphic  substitution  of  Mg  ion  for  Ti  ion.  In  samples  7  and 
8,  the  amount  of  B  ions  increased.  To  stay  Si  ions  at  network  which  participate  in 
crystal  phase  of  BazTiSizOe ,  it  was  asked  to  add  strong  network  former.  Since  the 
field  strength  of  P  ion  is  higher  than  that  of  Si  ion,,  P  ion  has  stronger  attraction 
in  pulling  oxygen  ions.  So,  Adding  P  ions  as  network  former  rather  caused  to 
devitrtify  in  parent  glasses  and  precipitate  adverse  crystalline  phase  of  such  as 
Ba4TiP20is.  The  difference  of  field  strength  between  B  and  Si  is  0.06  and  demixing  of 
Si  and  B  ions  could  occur  in  network.  On  the  one  hand  most  of  Ti  ions  also  function 
as  part  of  network  former  and  have  lower  field  strength  than  that  of  network  former. 
Kxcess  amount  of  B  ion  which  has  a  little  stronger  ionic  strength  than  that  of  Si 
therefore  cause  to  devitrify  and  precipitate  crystalline  phases  such  as  BaTiBz06 . 
therefore,  a  limited  amount  of  B  ions  must  be  added.  Fig. 3  shows  that  by  adding  B  ion 
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Fig  3.  XRD  Patterns  showing  crystallisation  of  BaTiOa 
and  Ba2TiSi20e  in  Ba0“Ti02-Si0z-B2C>3  glass 
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the  X-ray  intensities  of  BaTi03  crystalline  phase  was  increasing  in  proportion  to  the 
elevation  of  heat  treatment  temperature  while  those  of  fresnoit  crystalline  phase  is 
nearly  fixed.  It  is  deduced  therefore  many  Si  ions  keeps  balance  with  B  ions  in 
network  instead  of  forming  phases  of  BazTiSizOs .  Because  the  grain  size  of 
precipitated  crystalline  phase  has  much  relevance  to  the  improvement  of  permittivity, 
the  microstructures  of  samples  were  observed  through  SEM.  The  grain  sizes  of  BaTi03 
in  sample  1  changed  from  O.Sh'm  to  lh'm  by  the  elevation  of  heat  treatment  temperature 
from  900  °C  to  1000  °C.  And  then  relative  permittivity  increased  as  grain  size 
approachs  1-Mm.(fig.  4)  Fig. 5  shows  Dependence  of  permittivity,  K,  upon  the 
temperature  which  indicates  the  shift  of  the  Curie  point  from  120  °C  to  50  °C.  By  the 
well-known  displasive  model(5),  the  shift  of  Curie  point  could  be  explained.  By 
substituting  Mg  for  Ti,  the  Cure  Point  would  be  lowered  from  120  °C  to  50  °C  because 
the  bonding  strength  of  the  Mg  ion  to  oxygen  is  stronger  than  that  of  Ti  ion.  Adding 
Mg  ion  is  also  attributed  to  depress  the  peak  around  Curie  point. 
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Fig  4.  Dielectric  constant  at  various  frequnciea 
after  heat  treatment  at  the  indicated 
temperature 
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EFFECT  OF  MODIFIERS  ON  THE  STRUCTURES  AND  HYDROXYAPATITE 


FORMATION  OF  BIOGLASS 

Cheol  Y.  Kim,  and  Hopil  Lee 


Dept,  of  Ceramic  Engineering,  Inha  University 
253  Yonghyun-dong,  Nam-gu,  Inchon  402-701,  Korea 


When  K20  and  CaO  are  substituted  for  Na20  in  45S5  Bioglass,  their 
glass  structures  and  hydroxyapatite  formation  are  investigated. 
Several  physical  properties,  such  as  density,  microhardness, 
thermal  expansion  coefficient  etc.,  are  measured  and  interpreted 
in  terms  of  glass  structures.  When  the  glasses  are  reacted  in 
Tris-buffer  solution,  K20  substitution  promotes  hydroxyapatite 
formation  while  CaO  substitution  prohibits  the  crystal  formation. 

Introduction 

Many  researches  have  been  interested  in  bioceramics  since  1970, 
and  several  bioceramic  materials,  such  as  alumina,  hydroxyapatite  and 
bioactive  glass,  have  been  introduced.  Among  them  bioactive  glasses 
show  special  surface  properties  when  they  are  implanted  in  human  body. 

That  is,  hydroxyapatite  crystals  form  on  the  glass  surface  when  implanted, 
which  promote  the  bonding  between  implant  and  living  tissue.  The  first 
bioactive  glass  was  introduced  by  L.L.Hench[l] ,  and  its  basic  composition 
is  24.4%Na20  26.9%CaO  46.1%Si02  2 . 6%P20^ ( mole% ) , which  is  called  Bioglass 
( 45S5  )  . 

45S5  glass  has  high  surface  reactivity  to  body  solution,  and  the 
glass  is  getting  weaker  as  time  passes  after  implantation.  To  prevent 
this  phenomenon,  it  is  needed  to  study  the  reaction  between  Bioglass 
and  living  tissue  depending  on  the  glass  composition,  and  this  reaction 
should  relate  closely  to  the  glass  structure.  Therefore,  studies  on 
structure  and  physical  properties  of  Bioglass  should  be  carried  out. 

In  the  present  study,  K20  and  CaO  are  systematically  substituted 
for  Na20  in  45S5  Bioglass  composition. 
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Glass  structure  and  physical  properties  of  the  resultant  glasses  are 
examined.  The  effect  of  these  glass  compositions  on  the  formation  of 
hydroxyapatite  are  also  studied. 

Experimental 

Table  1  and  2  show  the  glass  compositions  in  the  present  study. 
Premixed  batches  from  the  reagent  grade  of  Si02,  Na2C03 , H3P04 ,  CaC03 
and  K2C03  were  melted  in  a  covered  Pt-crucible  at  a  temperature  range 
of  1200  C  to  1300  C  depending  on  the  compos i t i ons .  Infrared  and  Raman 
spectroscopic  studies  were  performed  to  analyze  the  resultant  glass 
structures,  and  several  physical  properties,  such  as  density,  thermal 
expansion  coefficient  and  softening  points,  are  also  measured. 

The  obtained  glass  samples  were  reacted  in  tris  hydroxymethyl 
aminomethane  buffer  solution ( PH=7 . 2 ,  temp.=37°C)  for  various  time. 

The  reacted  surface  was  examined  by  FT-IR  with  diffuse  reflection 
attachment  to  analyze  the  formation  of  surface  layer  morphology,  and 
layer  thickness  of  hydroxyapatite  was  examined  by  SEM. 

Table. 1  Batch  composition  of  biomasses  (mole%).  Table.2Batch  composition  of  bioglasses  (mole  %). 


Sample 

Na-O 

8*0 

SiO* 

P~0, 

CaO 

«2° 

2 

2 

2 

2  5 

Ha 20+K2° 

0.0KM 

24.4 

0.0 

4fi.fi 

2.C 

26.9 

0.0 

0.2KH 

19.5 

4.9 

V 

• 

• 

0.2 

0.4KH 

14.fi 

9.8 

0 

0 

0 

0.4 

0.6KM 

9.8 

14.6 

9 

0 

0 

0.6 

o.sm 

4.9 

19.5 

t 

0 

0 

0.8 

l.om 

0.0 

24.4 

0 

t 

1.0 

Sample 

Ma20 

CaO 

5102 

P2O5 

/ 

CaO 

CaO+MazO 

0.4  CM 

30.78 

20.52 

0.4 

0.52CN 

24.40 

26.90 

0.52 

0.6  CM 

20.52 

30.78 

46.1 

2.6 

0.6 

0.7  CM 

15.39 

35.91 

0.7 

0.8  CM 

10.26 

41.04 

0.8 

Results  and  Discussion 
( 1 )  KN  series 

No  significant  difference  in  Infrared  and  Raman  spectroscopic 
spectra  was  seen  as  K20  was  substituted  for  Na20  in  45S5  Bioglass. 

This  indicates  K+  and  Na+  ions  play  a  similar  role  in  the  formation 
of  glass  structure. 

However  significant  changes  were  observed  in  their  physical 
properties.  Density  increased  while  molar  volume  decreased  with  K20, 
which  indicates  the  increase  in  free  space  in  the  glass  st ructure . ( Fig .  1) 
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Their  thermal  expansion  coefficient  increased  with  K20  substitution 
upto  0.2KN.  This  is  because  the  bond  strength  of  K-0  is  much  weaker 


than  that  of  Na-O.  Further  increase 
coefficient  and  this  is  probably  due 
vibration  by  free  space  in  the  glass 


*2° 

!ta2O*K20 


Fig.  1  tensity  and  solar  voluae  of  the  bioglasses 
with  various  t20/{M«20+l20)  ratio. 


in  K2  0  reduced  thermal  expansion 
to  the  absorption  of  thermal  atomic 


structure.  (Fig.  2) 


Fig.  2  Thermal  expansion  coefficient  of  the  bio¬ 
glasses  with  various  K20/( Na20+K20)  ratio. 


Fig.  3  shows  FT-IRRS  spectra  of  the  hydroxyapatite  formed  on  the 
glass  surface  when  the  samples  were  reacted 
in  Tris-buffer  solution.  The  peaks  at  605  cm 
and560cm-^  are  due  to  the  bending  vibration 
of  P-0  bond,  which  are  very  characteristic 
peaks  for  hydroxyapatite [2] .  The  peak  at 
450cm-^  comes  from  Si-0  bending  mode.  With 
increase  in  K20  the  intensity  of  P-0  bending 
mode(605  and  560cm”^)  increases,  while  that 
of  Si-0  bending  mode (  450cm“'1' )  decreases. 

This  indicates  that  K20  substitution  for 
Na20  helps  hydroxyapatite  formation. 


Wavenuabersf c*"1 ) 


Fig.  3  FT-IRRS  spectra  of  the  bioglasses 
with  various  K2O/(Ha20+K20)  ratio 
after  10  hours  reaction. 
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(2)  Ctl  series 

Densities  of  the  glasses  change  from  2.68  to  2.80g/cm3  as  CaO  is 
substituted  for  Na20  in  45S5.  When  considered  the  similarity  in  atomic 
weight  of  CaO  and  Na20  as  well  as  ionic  size  of  Ca2+  and  Na+,  free  space 
in  the  glass  structure  will  increase  by  substitution  of  one  Ca  ion  for 
two  Na+  ions.  Because  the  bond  strength  of  Ca-O(NBO)  is  much  stronger  than 
that  of  Na-O(NBO) ,  thermal  expansion  coefficient  of  those  glasses  sharply 
decrease  from  162xlO_7/°C  to  113xlO_7/°C  with  CaO. (Fig.  4) 

The  glass  with  low  thermal  expansion  coefficient  will  reduce  stress 
problem  when  it  is  coated  on  alumina[3]. 


CaO+Na20 


Pig.  4  Thermal  expansion  coefficient  of  bioglasses 
with  various  CaO/(CaO+Na20)  ratio. 

When  the  glasses  are  reacted  in  Tris-buffer  solution, 
hydroxyapatite  forming  rate  decreased  as  CaO  content  increased. ( Fig.  5) 
However  hydroxyapatite  crystal  was  formed  for  all  glasses  when  the 
samples  were  reacted  for  20hours.  Fig.  6  shows  the  cross-section 
of  0.4CN  and  0.8CN  after  lOOhours  of  reaction.  Narrower  Si-rich 
layer  was  observed  for  0.8CN. 
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E>  I  SPERS  I  ON — FLOCCULAT  I  ON  BEHAV  I  ORS  OP  MULL  I  TE 
SLIP  AND  THEIR  EFFECTS  ON  THE  MICROSTRUCTURES 
OF  GREEN  CASTS 


Ki  G.  Lee*  t  Han  N.  Cheong*,  Hyun  M.  Jang*  #  and  Eui  H.  Kim+* 

*  Reserch  Institute  of  Industrial  Science  and  Technology, 
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+  Pohang  Institute  of  Science  and  Technology,  Pohang  790-600,  Korea 
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Dispersion  -  flocculation  characteristics  of  fine  muillite  powder  in 
aqueous  slurry  were  studied.  Zeta  potentials  and  viscosities  of  the 

suspensions  were  correlated  with  interfacial  properties  of  mullite. 

The  pH  range  suitable  for  forming  green-casts  with  dense  and  homogeneous 
microst ructures  was  5  -  6,  and  this  was  correlated  with  viscosity  of  the 
slip  and  the  secondary  minimum  heterocoagulation.  The  green-casts  pre¬ 
pared  from  the  slips  with  pH  10  or  above  showed  inhomogeneous  microstruc¬ 
tures.  Though  magnitude  of  the  zeta  potential  in  this  pH  range  was  high, 
flocculation  induced  high  relative  viscosity  and  deteriorated  the  micro¬ 
structures  of  green-casts.  This  observation  was  interpreted  in  terms  of 
dissolution-reprecipitation  phenomena  of  the  silicate  species  formed  above 
pH  10. 


1  •  Int  roduct  i on 

The  role  of  mullite  as  structural  and  refractory  materials  has  been  exte¬ 
nsively  documented.  Mul 1 i te( 3A1*0» . 2SiOt )  is  one  of  few  stable  materials  among 
many  aluminosilicate  minerals  and  is  common  in  porcelain,  ref ractory, electrical 
insulator  etc.  due  to  its  excellent  spalling  resistance,  strength  and  refract¬ 
oriness.  Recently,  on  the  other  hand,  a  great  deal  of  interest  has  been  focused 
on  the  homogeneous  forming  of  ceramic  green  body(such  as  slip  casting)  with  co¬ 
mplicated  shape  from  the  colloidal  slurry  state. 

In  this  work,  the  dispersion  characteristics  of  fine  mullite  powder  in 
slurry  state  were  examined,and  the  green  microstructures  formed  by  slip  casting 
were  correlate  with  these  dispersion-flocculation  characteristics. 

2  .  So  1  ub  i  1  i  ty  of  Mul  1  1  i  te 

Our  colloidal  study  of  mullite  slip  indicated  that  the  dissolution  of 
mullite  in  aqueous  solution  controls  stability  behavior  of  the  slurry  and 
thus,  microstructure  of  the  green  body.  Therefore,  we  have  estimated  the 
dissolution  behavior  of  muillite  as  a  function  of  suspension  pH. 

When  mullite  is  introduced  into  pure  HtO,  it  dissolves  incongruent ly .  and 
forms  gibbsite  and  silicic  acid  by  the  following  reaction: 
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SAltOj  .  2Si0t  +  13H*0  =  3 {AltOi  . 3HtO(a) }  +2Si(OH)*, 

For  hydrolysis  species  of  gibbsite  (Al2 03 • 3H2 0) ,  there  is  a  great  deal  of 
uncertainty  about  the  composition  and  stability,  but  polynuclear  hydroxo 
complexes  formed  from  the  hydrolysis  of  gibbsite  do  not  materially  alter  the 
solubility  characteristics  of  gibbsite  (1). 

Therefore  we  carry  out  our  calculations  by  considering  A1(0H)*’  and  Al*8  as 


the  predominant  equilibrium  species. 

y,  AljOj*  3Hj0  =  A1J*  +  30H-  ;  log  K(G1)  =  -34.0 -  PI 

&  AhOj . 3HtO(S)  +  OH*  =  Al(OH)«-  ;  log  K(G2)=  -1.0  - [2] 

The  equilibrium  constants  given  above  are  valid  at  25*  C.  Data  for  equation 
[1]  to  [2]  are  those  given  by  Stumm(l). 


On  the  other  hand,  the  solubility  of  silicate  species  formed  from  the 
dissolution  of  mullite  can  be  characterized  by  the  following  set  of  equilibria 


(2,3); 

SiOi (amorphous )  +2H*0  =  Si(OH)<;  log  K( SO) =-2 . 7  [3] 

S  i  ( OH )  4  +  OH-  =  S  i  0*  ( OH )  s  *  +  HtO  ;  log  K  (SI)  *  4.29  - [4] 

S i  ( OH ) 4  +  20H“  *  Si  0*  (OH )t**  +2H*0  ;  log  K(S2)  =  5.28  - [5] 

4Si  (OH)i+  20H-  =S i 4 0$  ( OH ) $ 1  -  +6H1O  ;  log  K(S3)=15.03 - [6] 


The  equilibrium  constants  for  equations  (1)  to  (6)  permit  computation  of  the 
solubility  of  mullite  for  the  entire  pH  range,  and  we  have  constructed  a  predo¬ 
minance  diagram  relevant  to  the  dissolution  of  mullite  in  an  aqueous  slurry 
state. 

In  an  actual  calculation,  we  assumed  that  mullite  dissolved  continuously  until 
the  equilibrium  concentration  of  Si(OH)4  in  an  mullite  slurry  attained  the 
level  predicted  by  Equat ion[ 3 ] , that  is, [Si (OHh 1—1 0“ * • 7 . 

This  assumption  is  essentially  the  same  as  that  used  by  Stumm  in  the  calcuation 
of  kaolinite  solubility  as  a  function  of  suspension  pH(l). 

3  -  Experimental 

The  mullite  powder  used  in  this  study  was  commercial  fused  mullite  with 
submicron  particle  size.  By  addition  of  NaOH/  HC1  or  KOH/  HNOi  to  mullite 
suspension,  a  series  of  aqueous  mullite  suspensions  was  prepared  varying  in 
pH  frpm  2  to  12. 
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To  determine  the  surface  charge  of  nullite  in  the  suspensions,  zeta  potential 
was  estimated  by  measuring  group  velocity  of  particles  under  a  given  applied 
electric  field  (Lazer  Zee  Meter;  Pen  Kem  Inc.).  Viscosity  of  the  slip  was 
measured  using  a  rotating  viscometer.  Mullite  slurry  prepared  for  slip  casting 
was  various  in  pH  from  2  to  12,  and  mullite  to  water  ratio  is  1  in  weight. 

The  green  bodies  prepared  by  slip  casting  were  fired  at  1600*  C  . 

The  green  microstructures  of  mullite  specimen  were  examined  using  a  scanning 
electron  micrograph.  The  supernatant  of  mullite  slurry  was  analyzed  by  ICP 
method,  and  the  results  were  correlated  with  the  solubility  of  mullite  in 
acidic  or  alkaline  medium.  Chemical  and  morphological  characteristics  of 
the  precipi tates ^formed  by  the  dissolution-reprecipitation  reactions  of  mullte, 
were  examined  by  STEM. 

4  -  Resu Its,  O  i  sous s i on  and  Cono lusions 

Fig.l,  Fig.  2  and  Fig. 3  respectively  show  the  zeta  potentials,  the  visc¬ 
osity  data  and  the  solubi l i ty-pH  diagram  of  the  mullite  slip  as  a  functi¬ 
on  of  equilibrium  pH.  Several  conclusions  can  be  made  from  these  results: 

(i)  The  isoelectric  point  (  IBP  )  of  the  mullite  slip  is  7.8  ; 

(ii)  High  viscosity  of  the  slip  observed  around  pH  8  (or  near  IEP) 
is  closely  related  with  flocculation  of  the  mullite  slip  at 
low  surface  charge  condition  ; 

(iii)  The  minimum  viscosity  value  observed  around  pH  5-6  is 
is  probalbly  related  with  the  secondary  minimum  coagulat ion( 4 ) 
of  mullite  particles  in  the  slip; 

(iv)  High  relative  viscosity  of  the  slip  observed  for  pH  value  above 
9.5  is  due  to  reprecipitation  of  ionic  silicate  species  onto 
mullite  powder  surface  and  heterocoagul tat  ion  of  these  precipi¬ 
tates  with  mullite  particles.  Fig. 3  shows  that  the  negatively 
charged  silicate  species  dominate  over  Si (OH)*  and  A 1 C OH ) 4 “ 
above  pH  9.5.  Thus,  the  solubi 1 i ty-pH  diagram  for  disolution 
of  mullite  supports  the  above  tentative  conclusion. 
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Zeta  Potential  (rtV) 


Fi«. 


I.  Zeta  potential  of  nullite  u  a  function 
of  tuipeuioa  pH  vitk  and  without  the 
ionic  strength  control. 


Fig. 4  shows  SEM  of  the 
mi crostructures  of  the  green 
casts  prepared  by  slip  casti¬ 
ng.  The  green  microstructure 
of  the  specimen  prepared  at 
pH  5.5  shows  dense  and 
homgeneous  microstructure, 
indicating  the  role  of 
viscosity  and  zeta  potential 
in  controlling  microstructu¬ 
res  of  green  bodies 

Table  1  shows  1CP  results 
for  the  supernatant  of  mullite 


Ft*. 2.  Viscosity  of  nullite  slip  at  constant 
mto  of  3  sec*<  as  a  function 
of  eqnllibriua  pH. 


Pi*. 3.  Solubi 1  itjr-pH  dia*ran  of  the  soluble  A) 
and  Si  species  dissolved  iron  the  nullite 
powder  in  aqueous  slip. 


slip  prepared  by  centrifugation  of  the  slip  after  equilibration.  The  observed 
high  relative  concentration  of  A1  species  at  extreme  pH  region,  that  is, 
near  pH  2  and  12,  is  consistent  with  the  result  of  estimated  solubi 1 i ty-pH 
behavior  of  Al,+  and  Al(OH)*-  species  (Fig. 3).  A  rapid  decrease  of  equilibrium 
silicate  concentration  (Table  1)  above  pH  6  is  related  with  the  reprecipitation 
of  the  ionic  silicate  species  or  cooperative  precipitation  of  S i ( OH ) «  with  the 
ionic  silicate  species. 
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The  EDS  results  (Fig. 5)  show  fine  precipitates  of  Si-rich  species  formed 
at  mullite  surface,  supporting  our  hypothesis,  that  is,  the  dissolution- 
reprecipitation  of  the  slicate  species  onto  mullite  particles  above  pH  10.  0. 


Table  1.  ICP  result  for  the  supernatant  of  mullite 
slips  conditioned  at  several  differentnt 
equilibrium  pH  values.  (PPM) 


pH 

2 

6 

10 

12 

A! 

16,520 

0.36 

29.45 

907.0 

3,235 

1.20 

Tr 

18.0 

ELMT. 

%  CONC. 

A 

Si 

24.817 

A1 

75.183 

B 

Si 

82 . 277 

A1 

17.723 

(  a  ) 


(  b  ) 


Fig. 5  STEM  and  EDS  results  for  mullite  powder  derived  from  the  slip 
at  pH  12:  (a)  STEM  (b)  EDS 
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SYNTHESIS  OF  Al^-COATED  Ti02  AND  Al^-COATED  Cr203  COMPOSITE 
POWDER  BY  HOMOGENEOUS  PRECIPITATION  METHOD 

Byung-Kwan  Kim  and  Itaru  YASUI  * 

Chang-Won  National  University 
234,  Taechon-dong,  Changwon  641-240,  Korea 
*  Institute  of  Industrial  Science,  The  University  of  Tokyo,  Roppongi, 
Minato-Ku,  Tokyo,  106,  Japan 

A 1  (OH)  , -c o ate d  TiO,  composite  powder  was  prepared  from  the  aqueous  solu¬ 
tion  of  A 1 , (SO , ) ,  and  rutil  powder  by  homogeneous  precipitation  meth¬ 
od  using  urea,  then  heat  treated  at  1  200C  for  1  hr  in  order  to  convert  it 
to  a - A 1 ,0, -coated  TiO, powder.  The  homogeneous  precipitation  method 
using  urea  was  also  applied  to  the  synthesis  of  A1,0, -coated  Cr,0, 
composite  powders  from  aqueous  solutions  of  A1,(S0,),  as  well  as  A1 
(NO,),,  and  heat-treatment  at  1  20  0T  for  1  hr  converted  them  to  «- 
A  1 »  0 , -coated  Cr,0,  composite  powders. 


1.  Introduction 

It  is  important  to  develop  a  new  class  of  ceramic  powders,  such  as  powders 
coated  with  other  kinds  of  substances.  For  example,  A1,0, -coated  TiO,  comp¬ 
osite  powder  is  of  use  as  a  starting  material  of  aluminum  titanate  ( A 1 , T i 05  > 
which  is  well-known  for  its  apparent  low  thermal  expansion  and  high  melting  po¬ 
int  [1].  To  obtain  improved,  reliable  composite  ceramic  powders,  coating  process 
is  to  be  optimized.  Aluminum  titanate  is  ordinarily  prepared  from  a  stoichio¬ 
metric  mixture  of  alumina  (A  1 , 0 . )  and  titanate  (TiO,)  powders  by  conventi¬ 
onal  processing  methods  such  as  ball  milling  and  isostatic  pressing  [2].  These 
method,  however,  often  yield  powders  mixed  i nhomogeneous 1 y  on  a  microscopic 
scale,  and  do  not  allow  control  of  particle-size  distribution  and  particle  shape 
in  a  sintered  body.  The  homogeneous  precipitation  method  is  one  of  the  best  me¬ 
thods  to  control  pH  and  to  form  pure  and  dense  precipitates,  so  that  various  ce¬ 
ramic  powders  su.ch  as  TiO,,  A  1 , 0  » ,  U  g  A  1 , 0 , ,  Fe,0,(  Fe(OH),,  and 

SnO, -coated  TiO,  composite  powders  were  synthesized  by  this  method  using  urea 
[3-10].  On  the  other  hand,  TiO, -coated  A1,0,  composite  powder  was  prepared 
from  titanium  alkoxide  precursor  and  alumina  powder  by  Okamura  et  al  [11]. 

This  paper  deals  with  the  synthesis  of  A 1 , 0 , -coated  TiO,  and  A1,0,- 
coated  Cr,0,  composite  powders  using  the  homogeneous  precipitation  method  as 
a  coati ng  process. 

2.  Experimental  procedure 

16-hydrated  aluminum  sulfate  and  urea  used  were  guaranteed  grade  (Wako 
Chemical  Co.)  and  TiO,  powder  (rutil  form)  (Sakai  Chemical  Co.)  consisted  of 
approximately  spherical  particles  with  the  average  particle  size  of  0.2+0.04  » 
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A12(S04).16H20(0.005  mol/1)  +  Ureo(0.M5  mol/1 ) 


<= -  1102(0.005  mol/l >  +  H2i 

y 

Totol  solution  300  ml 

- j 

Agt  tot  ion  (30  min) 

- j 

Ultrasonic  redlsperslon  (1  h) 

Hydrolysis  (90  °C,1  h) 

Cool Ing  wl th  Ice  water 

t 

Ultrasonic  dispersion  (30  min) 

F1 1  trot  ion 
Drying  (IIP  ‘C,3  h) 

J 

Product 


(fig.  2(a)).  An  aqueous  solution  of  A  1 »  (S 0 « ) , .  1 6H, 0  (0.0  0  5  aol/1)  and 

urea  (0.45  mol/l)  was  prepared  in  a  three-neck  flask  with  a  capacity  of  300  il 
and  TiO,  (0.005  mol/l)  was  added.  From  this  solution  hydrated  A1»0, -coated 
TiO,  composite  powder  was  prepared  according  to  the  procedure  shown  in  Fig.l. 
Agitation  was  required  through  the  hydrolysis  in  order  to  disperse  TiO,  in  the 
reaction  solution. 

To  prepare  hydrated  A  1 > 0 i -coated  Crt0,  composite  powders,  various 
amounts  of  Cr,0,  were  added  to  300  ml  of  the  aqueous  solution  of  A1,(S04), 
.16HjO  (0.003  mol/l)  and  urea  (0.45  mol/l).  The  solution  was  hydrolyzed  at 
90  £  for  3  hr  and  then  cooled  with  ice  water.  The  product  was  separated  with  a 
centrifugal  separator  and  washed  with  deionized  water.  Finally,  it  was  dried  in 
an  electric  oven  at  110  £  for  3  hr.  This  composite  powder  was  also  prepared 
from  aqueous  solution  of  A 1  ( N 0 1 ) » .  Agitation  was  requried  through  the  hydro¬ 
lysis  in  order  to  disperse  CriOi  in  the  reaction  solution. 


Fig.  1.  Flow  chart  for 
preparation  of  hydrated 
Al^O^-coated  TiC>2  composite 
powder. 


3.  Results  and  discussion 

Urea  is  hydrolyzed  to  ammonia  and  carbon  dioxide  as  follow: 

C0(NB,),  t  K,0  -  2NH,  +  CO, 

Urea  is  suitabl  to  a  hydrolytic  process  because  of  its  very  weak  basic  propert¬ 
ies  (Kb=l.  5X10  ~14)  and  its  high  solubility  into  water.  It  hydrolyzed  easily 
at  80-100  T  and  the  hydrolysis  can  be  quickly  terminated  at  a  desired  pH  by 
cooling  the  reaction  mixture  to  room  temperature. 

In  order  to  confirm  the  formation  of  hydrated  A1,0, -coated  TiO,  compo¬ 
site  particle,  it  is  preferable  to  observe  the  cross  section  of  hydrated  A 1 , 0 , 
-coated  TiO,  composite  powder.  This  experiment  was  nearly  impossible  because 
the  product  was  submicron  in  size.  Thus,  this  was  confirmed  indirectly  by  means 
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of  SEM  (S-700,  Hitachi  Co.)  observation  and  EDX  (Kevex-7000)  analysis.  Hydrated 
Al»0,-coated  T i 0  *  composite  powder  consisted  of  approximately  spherical  par¬ 
ticles  with  some  agglomeration  and  its  average  particle  size  was  0 . 2 9 ± 0 .  09  a 
(Fig.  2(b)).  By  heating  at  1  20  0  Z  for  1  hr,  the  product  was  converted  to  a  - 
A1*0, -coated  TiO*  composite  powder  with  the  average  particle  size  of  Q.27± 

0.08  n  (Fig.  2(c)).  The  change  in  average  particle  size  between  this  composite 
powder  and  the  starting  T  i  0  »  powder  was  indirect  proof  of  the  formation  of  hy¬ 
drated  Al|0(-coated  TiO*  composite  particle. 

Figure  3  is  the  EDX  spectrum  of  spot  analysis  at  the  mark  x  shown  in 
Fig.  2(c).  X-ray  count  ratios  of  A 1 /  Ti  obtained  for  other  particles  had  almost 
same  value  as  the  one  shown  in  Fig. 3.  This  was  also  a  proof  of  the  formation 
of  hydrated  AljO, -coated  T  i  0 »  composite  particle. 

It  is  difficult  to  describe  a  formation  mechanism  of  hydrated  A 1 » 0 , 

-coated  TiOj  composite  powder  in  detail.  In  general,  TiO,  powder  has  high 
dispersibility  in  an  aqueous  solution  and  its  surface  is  more  active,  compared 
with  other  metal  oxides  such  as  SiOlf  ZrO>,  MgO,  and  ZnO  etc  [12].  It  is  sup¬ 
posed  that  T i 0 i  particles  dispersed  in  the  solution  act  as  seeds  or  acclerators 
in  the  formation  of  hydrated  A  1  »  0  , . 

Hydrated  A1|0, -coated  Cr,0,  composite  powders  were  prepared  from  both 
solutions  of  A1>(S04)i  and  Al(NO,),.  Figure  4  shows  Al/Cr  ratios  of  hyd¬ 
rated  A 1 1 0 , -coated  CrjO,  composite  powders.  Straight-line  relations  in  Fig. 

4  indicates  that  the  products  contained  the  amount  of  A 1  A  0 1  and  C  r  ,  0  ,  which 
was  expected  from  the  compositions  of  the  starting  solutions.  This  relation  was 
taken  as  an  indirect  proof  of  the  formation  of  coated  composite  powder.  These 
products  were  converted  to  a -A  1  *  0 > -coate d  CriO,  composite  powders  by  heat 
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Molar  ratio.  Molar  ratio  , 

A  1203/Cr2  03  Al203/Cr203 

Fig.  4, 

Count  ratio  of  Al/Cr  of  Al2°3  coated  Cr2°3  powders 
by  EDX  analysis 

Q  :  plane  analysis 

1 — <^] — (  ;  arithmetic  average  and  standard  deviation  of 
spot  analysis 

C-l  :  synthesized  from  Al2  (SO^ ) ^ . 16H20 
02  :  synthesized  from  A1 (NO^) ^ . 9H20 

treatment  at  1200  t  for  Ihr. 

4.  Conclusion 

The  homogeneous  precipitation  method  using  urea  as  a  coating  process  was 
applied  to  the  synthesis  of  A 1  (OH) , -c oated  TiO,  composite  powder  as  well  as 
hydrated  A1»0(— coated  Cr»0(  composite  powder.  By  heating  at  1200  C  1  hr, 
these  composite  powders  were  converted  to  a  -  A  1 »  0  , -coated  T  i  0  >  and  a_Al»0. 
-coated  Cr,0(,  respectively. 
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FORMATION  AND  SOME  PROPERTIES  OF  NEEDLE-LIKE  MULLITE  FROM  KAOLIN  MINERALS 
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CERAMICS  INDUSTRIAL  RESEARCH  INSTITUTE  OF  SAGA  PREFECTURAL  GOVERNMENT 

T  844 

3100  ARITA-MACHI  NISHIMATSUURAGUN  SAGA  PREF.  (JAPAN) 

1)  Introduction 

Needle-like  crystals  and  whisker  of  oxides(Al2  03  ,  MgO,  K20-6Ti02),  carbides (SiC)  and 
nitrides  (Si  3  N 4  )  are  now  attracting  interest  as  possible  materials  to  improve  the 
toughness  and  high-temperature  strength  of  ceramics0  . 

It  has  been  known  for  a  long  time  that  when  alumina-silica  minerals  such  as  kaolin 
and  silimanite  which  are  raw  materials  for  porcelain  and  refractories  are  fired  at  over 
1200X1,  needle-like  mullite  crystals  several  to  tens  of  micrometers (urn)  long  and  0.5-3 
Urn  thick  are  formed  in  the  glassy  matrices2)~3)  .  And  another  methods  of  synthesizing 
mullite  whisker  that  have  been  reported  so  far  as  follows:  (1)  heat  treatment  of  a 
mixture  of  Si02,  A1  and  A 1 2 0 3  in  an  inert  gas  atmosphere,  (2)  hydrothermal  synthesis  of 
mixed  alkoxides  and  (3)  heat  treatment  of  A1F3-Si02  xerogels4)~s)  .  But  there  were  no 
attempts  to  obtain  only  needle-like  mullite  crystals  from  fired  kaolin  minerals. 

This  study  is  intended  to  investigate  the  growth  conditions  of  needle-like  mullite 
from  low-cost  New  Zealand  kaolin  as  a  raw  material  with  good  compactabi  lity  and  low 
impurity  content,  and  to  examine  some  properties  of  these  crystals  such  as 
crystal lographical  characteristics,  chemical  composition,  thermal  expansion  and  thermal 
resistance. 

2)  Experimental  procedure 

The  raw  materials  used  in  this  study  was  commercial  New  Zealand  kaolin  powder  (Ig. 
loss:  13. 79,  Si02  :  50.  07,  Al203  :35.75,  Fe203  :  0.  26,  Ti02  :  0.  07,  CaO:  tr. ,  Mg0:0.08,  Na20: 
0.07,  K20:0. 01  wt%).  Raw  sample  was  fired  in  air  at  1500-1700X1!  for  2hr.  The 

heating  and  cooling  rates  were  2.2  and  5. 7X) /min  respectively.  In  order  to  obtain 

needle -like  mullite,  fired  sample  were  immersed  in  4.6-18.4%  hydrofluoric  acid  (HF) 
and  treated  at  30-50X1  for  2-48hr  to  remove  the  glassy  matrices.  Phase  structures  and 
chemical  composition  of  fired  samples  were  examined  by  a  powder  X-ray  diffraction  and 
fluorescent  X-ray  analysis.  Content  of  mullite,  corundum  and  glass  in  samples  fired 
at  various  temperatures  were  determined  based  on  the  method  by  Okuda  et  al.  7).  The 

morphology  of  the  needle -like  mullite  prepared  after  removing  the  glassy  phase  was 
observed  by  SEM  and  TEM.  The  growth  direction  of  crystal  was  determined  by  a  electron 

beam  diffraction  system.  The  specific  surface  area  of  mullite  was  measured  by  a  BET 

method.  The  axial  thermal  expansions  of  the  resulting  mullite  was  studied  for  the 
temperature  range  from  25-800X)  using  a  high  temperature  X-ray  diffractometer,  and  the 
angle  of  diffraction  was  calibrated  with  fine  Pt  powder  based  on  (130),  (201)  and  (230) 
lines  of  mullite.  Thermal  shock  of  mullite  crystals  was  evaluated  by  quenching 
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crystals  from  1150  to  0X1. 


3)  Results  and  discussion 

3.1  Effect  of  reaction  conditions  on  the  formation  of  needle-like  mullite 

At  first.  New  Zealand  kaolin  was  fired  at  1300-1700X1  for  2hr  to  examine  the  effect 
of  growth  temperature  on  the  formation  of  crystals.  Fig. 1  shows  mullite  crystals 
obtained  at  1550,  1600,  1650  and  1700X1  after  treated  in  4.6%  HF.  In  addition,  table 
1  gives  length,  thickness,  Al203  /Si02  molar  ratio,  density  and  specific  surface  area. 


Fig.  1  SEM  micrographs  of  needle-like  mullite  obtained  from  New  Zealand  kaolin, 
(a)  1550,  (b)  1600,  (c)  1650  and  (d)  1700°C  I - 1  10  pm 


Table  1  Some  properties  of  needle— like  mullite  obtained  at  1550  —  1700  °C  for  2  hr. 


Growth 
temp.  (°C) 

Av. 

length  (  urn) 

Av. 

thickness  (  pra) 

Al203/Si02 
(molar  ratio) 

Density 

(g/cm3) 

Specific  surface 
area  (m2/g) 

1550 

1  -  3 

0.1  -  0.4 

1.48 

3.14 

8.2 

1600 

3-6 

0.2  -  0.5 

1.47 

3.16 

6.7 

1650 

10  -  20 

0.8  -  1.1 

1.48 

3.15 

4.1 

1700 

10  -  20 

0.7  -  1.3 

1.48 

3.14 

3.9 

Below  1550X1,  mullite  was  fine  crystals  less  than  1  ft  m  long  and  0.1*0.2^m  thick,  but 
not  needle  crystals.  At  1550  and  1600X1,  needle-like  mullite  l-6^m  long,  0.1-0. 5  g  m 
thick,  and  5-10  aspect  ratio  was  formed  as  shown  in  Fig.  1(a)  and  (b).  On  the  other 
hand,  at  1650  and  1700X1,  the  growth  of  needle  crystals  10-20  (i  m  long,  1-2/tm  thick, 
and  10-15  aspect  ratio,  and  having  a  square  cross  section  was  promoted  but  their 
formation  density  (20-30  X  104  needles/mm2 )  was  less  than  that  of  samples  grew  at  1550 
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and  1600X3.  There  were  no  influences  of  fired  temperatures  on  Al203/Si02  molar  ratio 

and  the  density  of  mullite  crystals  but  the  specific  surface  area  decreased  with  fired 

temperatures. 

It  has  been  said  that  when  the  clay  of  porcelain  raw  materials  is  fired  at  1200-1300 
X3 ,  needle -like  mullite  several  to  tens  of  micrometers  long  and  0.5  to  several 

micrometers  thick  is  formed  in  the  matrices25  ,  while  in  the  case  of  New  Zealand  kaolin, 
the  growth  of  needle  crystals  was  not  detected  below  1500X3.  Porcelain  raw  materials 
such  as  Amakusa  clay  usually  contain  80-85%  of  Si02  along  with  2-4%  of  K20  and  Na20, 
so  that  a  glass  phase  tends  to  melt  over  1300X3  and  the  growth  of  mullite  crystals  is 
promoted  in  the  presence  of  a  liquid  phase.  On  the  other  hand,  the  New  Zealand  kaolin 

used  in  this  experiment  has  as  low  as  58wt%  of  Si02  and  less  than  0.  lwt%  of  K20  and 

Na20.  This  difference  in  temperature  range  for  the  formation  of  needle-like  mullite 
between  clay  and  New  Zealand  kaolin  is  probably  due  to  a  difference  in  components  or 
the  amount  of  a  liquid  phase,  which  leads  to  different  solubility  of  mullite  in  the 

liquid  phase  formed.  Subsequently,  changes  in  the  phase  structure  of  New  Zealand 
kaolin  fired  for  2hr  at  1300,  1550,  1600,  1650  and  1700X3  were  examined  by  a  X-ray 

diffraction.  Fig. 2  shows  these  diffraction  patterns.  At  1300X3,  mullite  and  a 

-cristobal ite  were  formed  but  the  diffraction  intensity  of  mullite  was  low  and  the 

crystal  growth  was  premature.  At  1550X3,  the  formation  of  mullite  increased  and  the 

diffraction  intensity  of  a  -cristobalite  was  even  greater,  indicating  further 
crystal llization  of  the  matrix.  However,  a  -cristobalite  remarkably  melted  and  the 

peak  of  diffraction  became  broad  over  1600X3.  The  reason  why  the  growth  of  needle 
-like  mullite  was  promoted  at  higher  temperatures  than  1600X3  is  not  known,  but  it  is 
presumed  that  the  molten  glassy  phase  (matrices)  became  a  low  viscosity  liquid  phase 
which  increased  the  reactivity  of  Si02  and  A1203  as  well  as  the  growth  rate  of  mullite 
crystals  in  the  matrices,  thus  promoting  crystal  growth. 

Table  2  lists  the  amounts  of  mullite,  corundum  and  silica  glass  contained  in  samples 
fired  at  1500-1700X3  after  considering  the  solubility  of  each  phase  in  HF.  With  a 


Fig.  2  X-ray  diffraction  patterns  of  New  Zealand 
kaolin  fired  at  1300  -  1700°C  for  2hr. 


Table  2  The  amount  of  mullite,  corundum 
and  glass  in  New  Zealand  kaolin 
fired  at  1500  -  1700°C  for  2  hr. 


Growth 
temp.  (°C) 

Mullite 

(vt%) 

Corundum 

(vtZ) 

Glass 

(vtZ) 

1500 

48.02 

3.33 

48.68 

1550 

53.69 

1.89 

44.42 

1600 

56.80 

1.54 

41.66 

1650 

60.04 

0.68 

39.28 

1700 

59.14 

0.71 

40.15 

1Q4 


rise  in  firing  temperature,  the  amount  of  corundum  and  glass  decreased  but  crystal 
growth  of  mullite  was  promoted.  The  amount  of  mullite  is  59-60%  at  1650 -HOOtT , 
which  almost  agrees  with  the  theoretical  mullite  ratio  (about  58%)  in  the  case  where 
the  alumina  component  in  New  Zealand  kaolin  is  converted  completely  into  mullite. 
Moreover, the  amount  of  corundum  is  about  0.7wt%  and  no  diffraction  peak  of  corundum  is 
detected  in  almost  converted  into  mullite  crystals. 

3.2  Some  properties  of  needle-like  mullite 

Fig  .3  shows  the  transmission  electron  micrograph  of  needle-like  mullite  of  which 
the  glassy  phase  was  removed  completely,  and  the  electron  diffraction  pattern.  The 
growth  direction  of  this  crystals  was  [001],  which  coincided  with  that  of  single 
mullite  crystal  obtained  by  a  Czochralski  method  8)~9)  using  alumina  and  silica  as  raw 
materials.  However,  it  was  different  from  the  growth  direction  of  mullite  whisker 
obtained  by  heat  treatment  of  xerogel6)  .  Furthermore,  a  few  dislocations  which  were 
perpendicular  to  [001]  direction  existed  in  these  crystals.  The  composition  of  needle 
-like  mullite  was  Si02  (28.  33wt% ) ,  Al.O,  (71.27),  Fez02(0.23),  Ti02  (0.  05),  Ca0(tr.),  MgO 
(tr. ) ,  Na2  0  (0. 05)  and  K20(tr. );  the  amount  of  CaO,  MgO,  Naz0  and  Kz0  had  decreased 
compared  with  those  in  the  raw  materials. 


Fig.  3  Bright  field  image  and  electron  diffraction  pattern  of  needle-like  mullite 
obtained  at  1650°C. 

It  is  usually  said  that  mullite  is  stable  oxide  material  under  high  temperature,  and 
has  comparatively  low  thermal  expansion.  Consequently,  needle-like  mullite  obtained 
at  1550  and  1650  X1  was  reheated  at  1000  -1700  X1  for  20  -30hr  to  evaluate  sintering 
property.  The  change  of  the  specific  surface  area  of  needle-like  mullite  and  the 
morphology  of  crystals  after  reheating  at  1650  and  1700X1  were  shown  in  Fig.  4  and  5. 
There  was  no  sintering  among  each  needle  crystals  and  deformation  below  1600X1,  but  the 
specific  surface  area  gradually  decreased  and  the  sintering  was  promoted  above  1650X1. 
These  needle-like  mullite  was  relatively  stable  for  reheating  treatment  at  1000-1650X1 
and  it  was  assumed  that  there  was  no  glassy  phase  such  as  Si02  around  crystals. 

Fig. 6  shows  the  directional  thermal  expansion  behavior  of  needle~like  mullite  from 
25  to  800X1.  Thermal  expansion  coefficients  computed  from  lattice  parameters  is  as 
follows:  aa  =  +2.2X10V‘C,  a  b  = +3.  9X  loV^.  a  c  =  +4.  5X  lO'V^C 

and  average  thermal  expansion  coefficient  and  the  volume  expansion  are  a  =  +  3. SxloV'C. 

1Q5 
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25  1000  1200  1400  1600  1800 

Reheat  treatment  temperature  f °C) 

The  change  of  the  specific  surface  area 
of  needle-like  mullite  obtained  at  1550 
and  1650°C  by  reheat  treatment. 

(a)  1550  and  (b)  1650°C 


was  revealed  that  thermal  expansion 
of  c  axis  [001]  direction  was  larger 
than  that  of  a  and  b  axis,  but  the 
difference  of  the  directional 
thermal,  expansion  is  not  yet  clear. 

It  is  expected  that  needle -like 
mullite  has  relative  high  thermal 
shock  resistance  because  of  its  low 
thermal  expansion,  so  needle  -like 
mullite  was  quenched  from  1150  tg  0°C 
to  investigate  the  quenching  effect, 
but  there  were  no  evidences  of 
fracture  and  crack  in  crystals  as 
shown  in  F ig.  7. 


Fig. 5  Morphology  of  needle-like  mullite 
obtained  at  1650°C  by  reheat  treat 
-ment  (a)  1650°C  -  30hr  and  (b) 
1700°C  -  4hr . 


Temperature  (°C) 

Fig.  6  Lattice  constants  of  needle-like  mullite 
with  elevating  temperatures  measured  by 
a  high  temperature  X-ray  diffractometer. 


4)  Conclusion 

The  results  are  summarized  as  follows. 

(1)  Fine  needle-like  mullite  crystals  started  to  grow  at  1550X1.  and  a  sol:-.::: 

phase  (matrices)  became  a  liquid  state  with  low  viscosity  over  16501C.  noodle  .rvnMl.; 
of  10-20  ^m  long  and  1  -2  (i  m  thick  grown  in  the  [001]  direction  were  lined. 
Additionally,  over  this  temperature,  most  of  alumina  component  in  the  raw  mater.-.',  was 
converted  into  mullite,  and  the  resultant  composition  was  mullite  (59-60wtV).  gl.:  ..a 

-40),  and  corundum  (0.6). 

(2)  The  specific  surface  area  of  mullite  crystals  grew  at  1550  and  1650 XI  were  i.  2 
and  4.  lrrf/g  respectively  and  did  not  decrease  with  reheating  treatment  at  1000  to  1650 
TO  for  20  -30hr.  Axial  thermal  expansion  coefficients  of  crystals  at  25  -800  v"  wore 

a ,  =  +2. 2x  io  */X2.  a  b  =  +3. 9x  io'*/iC,  a  c  = +4. 5x  io's/io  and  crystals  were  expected 
to  be  thcrmaly  stable. 
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EFFECTS  OF  ATTITIVES  AND  ATMOSPHERE  ON  MORPHOLOGY  AND  GROWTH  OF 
SILICON  CARBIDE  WHISKERS 

Thae-Khapp  Kang,  Soon -Dong  Park,  Chang -Kyu  Rhee,  and  Il-Hyun  Kuk. 

Korea  Advanced  Energy  Research  Institute,  Dept.  Nuclear  Chem.  Eng., 
P.O.Box  7  Daeduk-danji ,  Daejon  302-353,  Korea 


CO' ABSTRACT  rst 
line  of  a  new 

chapteiThe  effect  of  catalyst  addition,  halide  of  an  earth  element  addition,  and  atmosphere 
variation  on  the  morphology  and  growth  of  silicon  carbide  whiskers  was  investigated.  To 
simplify  the  carbothermic  process,  silicon  mono-oxide  powder  and  carbon  mono-oxide  gas 
were  used  as  the  raw  materials.  The  addition  of  an  iron  containing  catalyst  induced  very 
long  thread-like  growth  of  the  whiskers,  while  that  of  sodium  chloride  resulted  in 
spring-like  curlings  of  the  whiskers.  Hydrogen  addition  to  the  non-oxidizing  atmosphere 
enhanced  the  whisker  formation  for  both  additives. 


INTRODUCTION 

Silicon  carbide  whiskers  are  a  promising  reinforcement  material  for  metallic  and 
ceramic  matrix  composites.  Silicon  carbide  whiskers  can  be  manufactured  by  various 
methods  [1-4].  The  first  process  that  succeeded  in  the  commercialization  of  silicon 
carbide  whisker  manufacturing  is  the  carbothermic  processfl],  which  used  rice  hulls  as  the 
raw  material.  This  process  has  been  developed  further  to  use  various  silicon  containing 
solids  as  a  raw  material,  such  as  volcanic  sands[5]  and  silica  gels[6]. 

For  this  carbothermic  reaction  some  catalysts  like  Fe,  Ni,  and  Co  in  forms  of  metals  or 
compounds  [7,8]  and  halides  of  earth  or  rare  earth  elements [8, 9]  are  added.  The 
atmosphere  is  mainly  maintained  in  a  non-oxidizing  inert  condition  [1,5,6],  but  a  slight 
reducing  condition  is  often  used[8]. 

The  carbothermic  process  is  based  on  the  following  reactions; 


Si02(s) 

+ 

C(s) 

— > 

SiO(g) 

+  C0(g) 

...(1) 

SiO(g) 

3  C0(g) 

— > 

SiC(s) 

+  2  C02 ( g ) 

...(2) 

C02(g) 

+ 

C(s) 

— >  2  C0(g) 

...(3) 

Si02(s) 

+ 

3  C(s) 

—  > 

SiC(s) 

+  2  CO(g) 

■ • • (4) 

Among  the  above  step  reactions,  reaction  (2)  is  the  principal  reaction.  In  this 
experiment  the  carbothermic  process  is  simplified  into  the  reaction  (2)  by  using  SiO 
powder  and  CO  gas  as  the  raw  materials.  In  order  to  investigate  the  role  of  the 
additives,  iron  nitrate  and  sodium  chloride  were  added  as  a  catalyst  and  a  halido 
respectively.  A  slight  reducing  atmosphere  was  prepared  by  adding  H2  to  the  inert  Ar 
atmosphere. 


EXPERIMENTAL  PROCEDURE 

High  purity  amorphous  SiO  powder  (Kojundo  Chem. Lab. Co. ,99. 9fc)  and  CO  gas  (Air  Products 
and  Chemicals, Inc. , 99. 3*)  were  used  as  the  raw  materials.  To  investigate  the  effects  of 
catalyst  and  halide  additions,  0.1  mole  of  Fe(N03)3. 9H20  and  1  mole  of  NaCl  were  added 
separately  in  a  form  of  a  solution  to  1  mole  of  SiO  powder.  The  dried  powders  were  put 
into  a  graphite  crucible  located  in  the  center  of  a  tube  furnace  of  50  mm  in  diameter  and 
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heated  up  at  a  rate  of  7  °C/min. 

The  CO  gas,  mixed  with  an  Ar  carrier  gas,  was  supplied  to  the  furnace.  The  flow  rate 
and  the.  partial  pressure  of  the  CO  gas  were  40  cc/min  and  20fc,  respectively.  To  prepare  a 
slight  reducing  condition  in  the  atmosphere,  10%  of  H2  gas  was  added  after  subtracting  the 
partial  pressure  of  the  Ar.  The  reaction  was  carried  out  at  1500  °C  for  1  h.  At  the  end 
of  the  reaction  the  atmosphere  was  converted  to  1003S  Ar.  X-ray  diffraction  (XRD), 
scanning  electron  microscope  (SEM),Typ  and  energy  dispersive  X-ray  spectroscope  (EDX) 
analyses  were  carried  out. 


EXPERIMENTAL  RESULTS 

X-ray  diffraction  analyses  showed  strong  peaks  of  SiC  and  Si02  in  all  specimens,  as 
shown  in  Fig.l;  Additionally,  in  the  specimens  with  iron  nitrate  added,  weak  peaks  of 
some  iron  silicides,  iron  carbides  and  silicon  were  detected.  Those  with  sodium  chloride 
added,  weak  peaks  of  sodium  oxide  and  sodium  siiicide  were  detected.  After  a  hydrofluoric 
acid  leaching,  ,  a  small  amount  of  silicon  could  also  be  detected  in  all  specimens. 

Scanning  electron  microscope  observations  showed  quite  different  whisker  morphologies 
between  specimens.  Figure  2  reveals  the  SiC  whisker  formation  of  the  specimen  doped  with 
iron  nitrate.  Whiskers  were  formed  all  over  the  specimen,  but  the  whisker  lengths  were 
not  as  long,  as  shown  in  Fig.  2  (a).  A  higher  magnification  observation  revealed,  in 
Fig.  2  (b),  smooth  surfaces  and  homogeneous  diameters  of  the  whiskers.  However,  in  this 
experiment,  liquid  drops  could  not  clearly  be  detected  on  the  tip  of  the  whiskers.  On  the 
other  hand,  some  liquid  phases  were  found  at  triangles  between  the  whiskers,  as  shown  in 
Fig.  2  (a)  and  (b).  The  addition  of  H2  to  the  inert  atmosphere  enhanced  the  formation  of 
the  whiskers.  Whisker  lengths  and  diameters  were  increased.  The  whisker  lengths  were  so 
remarkably  increased,  that  it  was  very  difficult  to  find  the  end  of  a  whisker.  The 
whiskers  were  not  linear  and  therefore  seemed  to  be  in  tangles  of  endless  threads,  as 
shown  in  Fig. 2  (c). 

The  addition  of  sodium  chloride  resulted  in  quite  different  whisker  morphologies  from 
those  described  above.  Figure  3  (a)  shows  the  formation  of  hair-like  whiskers.  The 
specimens  exhibited  larger  diameters,  rougher  surfaces  and  more  severe  tanglings  of  the 
whiskers  than  those  of  iron  nitrate  addition,  as  shown  in  Fig. 3  (b).  A  high  magnif icat 5 on 
revealed  spring-like  curlings  of  the  whiskers,  as  shown  in  Fig. 3  (c).  EDX  analysis  of  the 
whiskers  showed  only  the  silicon  element  present.  The  analysis  also  found  that  the 
whiskers  were  electrically  conductive.  From  these  results  the  spring-like  whiskers  must 
be  of  SiC  phase.  The  addition  of  H2  to  the  inert  atmosphere  increased  the  amount  of  the 
whiskers  formed.  However,  distinguished  to  the  case  of  iron  nitrate  addition,  diameters 
and  the  spring-like  curlings  of  the  whiskers  were  apparently  not  changed  with  presence  of 
H2.  The  amount  of  whiskers  formed  was  always  less  than  in  the  case  of  the  iron  nitrate 
addition. 


DISCUSSION 

SiO  has  a  high  partial  pressure  above  1200  °C[10].  This  gaseous  SiO  reacts  with  CO  gas 
to  form  SiC  whiskers.  However,  according  to  the  phase  diagram[12],  SiO  is  unstable  at  low 
temperatures.  During  the  heat-up  the  amorphous  SiO  powder  decomposed  into  Si02  and  Si. 
This  Si02  remained  unchanged  throughout  the  reaction,  while  the  Si  contributed  to  the 
whisker  formations.  The  detections  of  Si02  in  this  experiment  can  be  explained  by  this 
decompostion  of  SiO  powder. 

As  shown  in  Fig.  2,  the  addition  of  iron  catalyst  enhanced  the  whisker  formations  in 
the  carbothermic  process.  For  the  role  of  the  catalyst,  the  VLS -mechanism  is  universally 
accepted[ 1 , 4] .  Recently  the  birth-spread  mechanism  [13]  is  proposed.  The  essential 
evidence  of  these  mechanisms  is  a  presence  of  a  liquid  drop  on  the  tip  of  a  whisker  and  a 
rough  whisker  surface  respectively.  However,  as  mentioned  above,  liquid  drops  were  not 
clearly  found  on  the  tip  of  the  whiskers.  Some  liquid  phases  were  found  at  triangles 
between  the  whiskers.  And  the  whiskers  exhibit  smooth  surfaces.  In  this  experiment,  the 
role  of  the  catalyst  on  the  growth  of  the  whiskers  is  not  clear  and  should  be  investigated 
further. 
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In  contrast  to  the  thread-like  shape  from  the  iron  nitrate  addition,  the  spring-like 
curled  shape  of  the  whiskers  were  the  result  of  the  sodium  chloride  addition.  This  kind 
of  morphology  has  not  been  reported  in  silicon  carbide  whisker  growths.  Recently  Motojima 
et  al .[13]  reported  a  formation  of  spring-like  whiskers  of  silicon  nitride.  They  used 
Si2C16,  NH3,  and  H2  as  gaseous  raw  materials,  and  Ni  and  Fe  as  catalysts.  .  They  reported 
that  the  whiskers  were  amorphous  and  that  the  presence  of  iron  impurity  was  essential  for 
the  spring-like  whisker  formation.  But  the  growth  mechanism  of  the  whiskers  was  not 
explained. 

In  this  experiment,  however,  the  spring-like  curled  silicon  carbide  whiskers  were  not 
formed  in  the  presence  of  iron  impurity.  They  were  formed  only  in  the  presence  of  sodium 
chloride  and  independent  of  the  presence  of  hydrogen.  Compared  with  the  result  of 
Motojima  et  al.[13],  it  is  suspected  that  the  formation  of  the  spring-like  whiskers  should 
be  closely  related  to  the  presence  of  chlorine  impurity,  which  is  common  in  both  works. 
But  the  growth  mechanism  of  the  whisker  curling  should  be  investigated  further. 

Hydrogen  enhanced  the  whisker  growth  of  both  iron  nitrate  and  sodium  chloride  doped 
specimens.  This  can  be  explained  by  the  role  of  hydrogen  on  the  reduction  of  SiO. 
Hydrogen  enhances  the  reduction  of  SiO  into  Si  by  forming  H20.  Hydrogen  assists  the 
decomposition  of  iron  nitrate  and  sodium  chloride  forming  nitric  acid  and  chloric  acid 
which  accelerate  the  reduction  of  SiO.  The  enhanced  reduction  of  SiO  into  Si  increased 
the  reaction  with  CO  gas  to  form  the  whiskers.  In  addition,  hydrogen  cleans  the  surfaces 
of  the  whiskers  and  the  liquid  phase  containing  iron  and  this  helps  the  formation  of  the 
whiskers. 


CONCLUSIONS 

1.  The  addition  of  catalyst  in  the  form  of  iron  nitrate  resulted  in  the  formations  of 
thread-like  long  and  tangled  whiskers. 

2.  The  addition  of  halide  of  an  earth  element  in  the  form  of  sodium  chloride  resulted  in 
the  formations  of  spring-like  curled  whiskers. 

3.  The  formation  of  the  spring-like  curled  whiskers  may  be  closely  related  to  the 
presence  of  chlorine  impurity. 

4.  The  addition  of  hydrogen  to  the  inert  reaction  atmosphere  increased  the  formation  of 
the  whiskers  remarkably. 
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ABSTRACT 

An  electroless  nickel  plating  on  ceramics  as  a  Beans  of  Betallization  was  studied  using  alu«ina 
substrates.  It  was  revealed  that  pretreataent  process,  etching  in  particular,  played  an  iaportant 
role  in  obtaining  good  adhesion.  The  nickel-phosphorous  and  nickel-boron  electroless  plating  were 
discussed  in  teras  of  the  etching  condition,  deposition  rate,  adhesion  strength,  and  surface  structure. 


KEY  WORD 

Electroless  plating,  Metallization,  Aluaina  ceraaics. 


INTRODUCTION 

The  application  of  ceraaics  to  electronic  devices  is  increasing  aore  and  aore  recently.  In  such 
application  of  ceraaics  there  are  aany  cases  where  ceraaics  aust  be  aetallized  for  conduction 
electricity,  soldering,  fine  line  patterning,  and  so  on.1-95 

There  are  several  aethods  to  aetallize  ceraaics,  such  as  utillizing  heavy  aetal  solder,  oxide 
solder,  evaporation,  CVD  and  PVD  aethods.  Electroless  plating  is  known  as  a  reliable  aethod  of 
aetallization. 

In  this  study  two  kinds  of  electroless  nickel  plating,  nickel-phosphorous  and  nickel-boron  were 
coapared  each  other  in  teras  of  plating  rate,  adhesion  strength  and  surface  structures. 


EXPERIMENTAL 

Aluaina  ceraaic  substrate  (903;  A1203.  10  X  10  X  2  aa)  with  roughness  of  Ra  0.60  i*  was  pretreated  as 
shown  in  Table  1.  Table  2  shows  the  cheaical  coaposition  of  electroless  plating  solutions. 

Table  1.  Cheaical  coaposition  and  treataent  condition 
of  pretreataent  steps 


Step 

Process 

Cheaicals 

Teap.(  °C) 

Tiae(ain) 

1 

Cleaning 

Acidic 

Rooa  teap. 

5 

(Ultrasonic) 

2 

Etching 

103:  HF 

100  g/L  NaCl 

Rooa  teap. 

5 

3 

Sensitizing 

0.5  g/L  SnCla 

0.5  al/L  HC1 

Rooa  teap. 

5 

4 

Activation 

0.25  g/L  PdCla 

5  al/L  HCJ 
_ ^-,1  ^ - 

Rooa  teap. 

5 
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Table  2.  Basic  bath  composition  for' electroless  Ni-P  and  Ni-B  plating 


N i eke  1 -Phosphorous 

Nickel- 

Boron 

Chemicals 

Concentration 

Chemicals 

Concentration 

NiCla • 6Ha0 

0.1  M/L 

NiS04*6H20 

0.15  M/L 

NaHzPOz • H20 

0.12  M/L 

(CH3)2NHBH3 

0.1  M/L 

Na3CoHs07 ’ 2H2O 

0.2  M/L 

Na3C9Hs07 • 2H20 

0.1  M/L 

CHaCOONa 

0.3  M/L 

Fig. 1  Peeling  test  for  measur i ng 
adhesion  strength 


Plating  rate  was  determined  by  weight  gain.  Surface  morphology 
and  structure  were  studied  by  SEH  (JSM-35CF,  JEOL)  and  X-^ray 
diffractometer  (RAD-C,Rigaku).  Adhesion  strength  was  determined  by 
peeling  the  nickel-plated  area  of  20  mm2  as  shown  in  Fig.  1. 


RESULTS  AND  DISCUSSION 

Plating  conditions 

Fig.  2  and  3  show  the  effects  of  pH  and  temperature  on  plating  rate.  Fig.  2  and  3  illustrate  that 
deposition  rate  of  electroless  Ni-P  and  Ni-B  plating  increases  with  increasing  pH  and  temperature. 
However,  Ni-B  had  a  peak  at  pH  7.  The  appearence  of  the  plated  film  of  Ni-B  was  very  poor  under  pH  5. 


Fig. 2  Effect  of  pH  ou  the  electroless 
Ni  plating 


Fig, 3  Effect  of  plating  temperature  on 
electroless  Ni  pluting 


Adhesion  strength 

The  effect  of  etching  on  adhesion  strength  is  shown  in  Fig.  4. 
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Fig.  4  shows  that  there  is  no  difference  in  adhesion  strength  between  Ni-P  and  Ni-B  and  that  etching 
time  affects  the  bonding  strength.  Adhesion  strength  had  a  maximum  value  of  about  150  Kg/cm2  at  the 
etching  time  of  150  sec  and  decreased  with  longer  etching  time. 

This  diminution  tendency  of  adhesion  strength  in  the  region  of  etching  time  >  150  sec  was  observed  by 
surveying  the  surface  microstructure  (Fig.  5)  and  EDS  analysis  (Fig.  6)  of  alumina  substrates.  Due  to 
glass  phases  of  Si02,  CaO  and  MgO  unetched  on  the  alumina  surface  and  intergranular  boundary,  anchor 
effect  was  low  in  the  beginning  of  etching. 


No  etching  lOOsec  15Usec  200sec  350sec 


Fig.  5  Microstructure  of  etched  alumina  sidistrale  by  lll^NnCl 


However,  in  the  region  of  etching  time  over  150  sec,  the  glassy  phase  was  dissolved  out  completely  and 
alumina  remained  only.  Thus,  the  anchor  effect  did  not  increase  any  more.  Since  alumina  is  chemically 
inert,  the  poor  adsorption,  of  Sn,  Pd  catalysts  reduced  adhesion  strength  between  metal  and  ceramic. 


Surface  micros|tructure 
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Fig.  7  shows  the  growth  of  electroless  plated  Ni  particles  with  plating  time. 


3mi'ii  lOmiii  30m  in  60m  in  180min 

(o)  Ni-P  (i>H8. 70'C) 


lOmin 


Mi-B  (pII7  . 60*c) 


Fig.  7  Scanning  electron  micrograph  of  the  Ni-deposited 
on  alummina  at  different  time 


At  plating  time  of  3  *in,  bare  aluiina  and  scattered  nickel  were  observed  on  the  substrates.  As  plating 
progressed,  small  particles  stuck  together  and  grew  larger  forming  large  particles  of  uniform  size.  The 


40  50  CO 


2  0  (Cu-Ka) 
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The  phases  of  Ni  and  Al303  were  observed  at  plated  film  of  Ni-P  and  Ni-B.  After  heat  treatments,  for 
1  hr '  at  themperatures  ranging  from  350  °C  to  450  °C.  the  crystallization  of  Ni3P  and  Ni3B  phases 
appeared  and  their  intensity  grew  as  the  heating  temperature  increased. 


CONCLUSION 

Adhesion  strength  of  Ni-P  and  Ni-B  electroless  plated  film  on  alumina  substrates  had  a  maximum  value 
of  150  Kg/cm2  at  the  etching  time  of  150  sec  and  decreased  with  longer  time.  Two  kinds  of  electroless 
nickel  films  did  not  show  any  difference  in  adhesion  strength. 

The  microstructure  of  Ni-P  on  alumina  showed  crystalline  Ni  and  Ala03  in  as-plated  film.  After  heating 
Ni-P  plated  ceramics,  the  crystallization  of  Ni3P  appeared  and  the  intensity  of  Ni3P  at  X-ray 
diffraction  pattern  increased  as  the  heating  temperature  increased.  On  the  other  hand,  crystal  Ni3B 
also  appeared  in  the  Ni-B  film  and  its  intensity  grew  with  heating  temperature  as  in  Ni-P. 
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Th,  microstructure  end  phase  ^“"^.estulted 

structure  and  colony  structure. 

1 .  INTRODUCTION 

Two-layer  thermal  barrier  coating,  consisting  of  a  MCr A 1 Y  (where  H-  Hi, 
Co,  Fe  or  combinations  of  these  elements)  inner  metallic  bond  coating  layer 
and  an  outer  Zr02-Y203  ceramic  coating  layer  have  been  investigated  as  a 
means  to  increase  the  durability  of  air-cooled  gas  turbine  airfoils  b, 
preventing  oxidation  and  corrosion  of  the  Hi  and  Co  base  superallo,  and 
reducing  metal  temperature. 

The  coating  properties  for  turbine  engine  application  are  achieved 
through  the  selection  of  materials  properties  and  coating  process  parameters. 
Desired  ceramic  material  properties  include  low  thermal  expansion,  thermo¬ 
dynamic  stability  in  the  gas  turbine  environment  and  mechanical  stability 
during  thermal  cycling.  Although  a  number  of  ceramic  materials  including 
Zr02,  ZrSi04,  Ca2Si04,  and  Hf02  have  been  considered  for  potential  applica¬ 
tion,  today  only  Zr02  is  still  under  serious  consideration,  because  it  has 
low  conductivity  and  a  coefficient  of  thermal  expansion  greater  than  most 
other  oxides  making  it  more  compatible  with  metal  substrates  with  regard  to 
thermal  expansion  mismatch  strains.  However,  pure  Zr02  has  poor  mechanical 
stability  toward  thermal  cycling  because  of  the  large  volume  change  during 
the  transformation  from  the  tetragonal  to  the  monoclinic  phase.  The  largest 
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improvements  in  mechanical  properties  can  be  obtained  by  partially  stabil- 
zing  the  Zr02  with  the  additions  of  CaO,  MgO  or  Y2O3.  Of  these,  Y2O3  performs 
best,  in  part  because  CaO  and  MgO  tend  to  vaporize  during  plasma  spraying. 

2.  EXPERIMENTAL  PROCEDURE 

Zr02~7 • 9%Y203  ceramic  coating  was  sprayed  onto  Ni-base  superalloy  (PWA 
1422)  specimens  which  were  previously  coated  with  a  low  pressure  plasma 
sprayed  Ni - 1 7%Cr- 1 4% A 1-0 . 3% Y  bond  coating. 

The  p 1  a s ma - s p r a y e d  specimens  were  thermally  exposed  at  1  200*  C  in  order 
to  study  oxidation  and  interdiffusion  of  the  bond  coating  and  phase  trans¬ 
formations  within  the  2^2^20^  ceramic  coating  using  optical  microscope,  SEM, 
EDAX,  XRD  and  TEM. 

3,  RESULTS  AND  DISCUSSION 

3.1.  Oxidation  of  NiCrAlY  Bond  Coating 

At  the  bond  coat ing/ceramic  coating  interface,  bond  coating  oxidation 
is  noticeable  after  less  than  one  hour  exposure  at  1200°C.  A  thin  oxide  scale 
is  formed  on  the  bond  coating  by  diffusion  of  bond  coating  alloying  elements 

outwards  and  interact  with  oxygen  diffusing  through  the  Zr02-Y203  ceramic 

/ 

coating.  The  oxide  scale  is  composed  of  many  types  of  transient  oxides.  Near 
the  bond  coating  interface,  AI2O3  and  spinel  types  of  oxides  ( NiCr , NiA^O^) 
are  formed. 

TEM  work  to  study  the  oxidation  of  the  bond  coating  was  limited  because 
the  specimen  tended  to  crack  at  the  interface  during  TEM  foil  preparation  of 
transverse  sections,  especially  in  thermally  exposed  specimens.  Fig.  1  shows 
the  TEM  microstructure  of  the  oxide  scale  after  one  hour  static  thermal 
exposure  and  the  results  of  point  EDAX  analysis.  Spinel  types  of  oxide  grains 
of  about  0.7  pm  thickness  are  observed  between  the  ^^2^303  ceramic  coating 
and  bond  coating,  and  many  voids  are  present  at  the  oxide  scale/ceramic 
coating  interface.  In  some  place,  however,  the  oxide  scale  is  adherent  to  the 
ceramic  coating.  Presumably,  the  bond  coating  is  adherent  to  the  ceramic 
coating  in  the  as-sprayed  condition  and  chemical  reactions  occur  between  the 
newly  formed  oxides  and  the  bond  coating. 
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After  ten  hours  exposure,  stable  A1203  columnar  grains  have  formed 
beneath  the  spinel-type  oxide;  the  thickness  of  the  A.l203  columnar  grain  is 
about  1  pm  as  shown  in  Fig.  2.  The  presence  of  large  voids  (about  1  pm)  is 
evident  at  the  A1203  oxide  scale/bond  coating  interface.  The  voids  grow 
further  after  ten  hours  exposure  and  subsequently  the  adhesive  strength 
between  the  A1203  scale  and  the  bond  coating  will  not  be  enough  to  hold  them 
together  due  to  the  decrease  in  load  bearing  contact  area.  Therefore,  cracks 
can  develop  at  the  voids  and  propagate  along  the  weakly  bonded  A120,  scale/ 
bond  coating  boundary,  and  finally  failure  occurs  by  delamination  at  the  - 
A1203  scale/bond  coating  interface. 

SEM  analysis  of  the  underside  of  the  ceramic  coating  shows  that  A1203 
scale  adhered  to  a  large  area  of  Zr02  ceramic  coating.  The  bottom  surface  of 
this  spalled  A1203  scale  is  quite  smooth  and  there  is  no  indication  of  crack 
propagation.  However,  the  ceramic  coating  has  a  flaky  appearance  because  of 
the  splat  morphology. 

3.2.  TEM  of  the  Ceramic  Coating 

TEM  micrographs  of  the  as-sprayed  Zr02-Y203  ceramic  coatings  showed  gaps 
between  splat  boundaries  and  micro-pores  formed  from  entrapped  gases  (Ar+H2) 
and/or  air.  Columnar  grains  of  small  grain  size  (0.1-0. 2  pm)  of  the  non-equil 
ibrium  tetragonal  (T')  phase  were  formed  near  the  bond  coating/ceramic  coat¬ 
ing  interface.  Deeper  into  the  ceramic  coating,  the  grain  size  of  the  colum¬ 
nar  grains  was  bigger  than  that  of  the  columnar  grains  near  the  interface; 
large  equiaxed  grains  (1-2  pm)  were  formed  due  to  the  slower  cooling  rate  in 
this  region.  Grains  of  tetragonal,  monoclinic  and  cubic  phases  were  separated 
from  each  other  and  showed  large  variations  in  Y203  concentration  from  differ¬ 
ent  regions.  The  results  of  XRD  phase  analysis  of  the  as-sprayed  ceramic 
coating  showed  that  the  tetragonal  phase  was  the  main  phase. 

However,  three  kinds  of  tetragonal  microstructures  were  observed  in  this 
study.  First,  most  of  the  tetragonal  phase  existed  as  non-equilibrium  tetra¬ 
gonal  (T1)  columnar  grains  which  were  formed  during  rapid  cooling  of  the 
splats  without  yttrium  diffusion.  The  size  of  the  columnar  grains  was  small 
(0. 1-0.2  pm)  and  anti-phase  boundaries  (APB)  were  observed  within  the  tetra- 
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gonal  ( T f )  grains.  Well  developed  APB's  within  large  grains  which  had  11.5% 
Y2°3  concentration  are  shown  in  Fig.  3(a). 

The  second  structure  was  a  mottled  structure  due  to  tetragonal  precipi¬ 
tates  formed  within  large  grains  (1  .0  pm)  as  shown  in  Fig.  3(b)  .  The  precipi¬ 
tates  were  aligned  parallel  to  <211>,  < 1 2 1  >  and  <  11  2>  projected  directions 
in  this  particular  orientation  and  showed  indication  of  tetragonal  colony 
structure  containing  mottled  tetragonal  precipitates. 

The  third  structure  was  a  well  developed  tetragonal  colony  structure 
within  the  large  grains  (2.0  pm)  which  were  located  in  the  middle  of  the 
ceramic  coating.  The  colonies  was  aligned  parallel  to  (Oil)  and  (100) 
projected  directions  as  shown  in  Fig.  3(c)  and  the  Y203  concentration  was 
analyzed  to  be  6.5%  ^203.  APB's  and  mottled  tetragonal  precipitates  were 
present  within  the  colony  structure.  The  colony  structure  consists  of  banded 
ellipsoidal  particles  composed  of  a  alternating,  twin  related  variants  of 
the  tetragonal  phase. 


TEM  micrographs  of  the  ceramic  coating  was  similar  to  as-sprayed  condi¬ 
tion  even  after  100  hours  exposure  at  1200  C.  Fig.  4  shows  the  regions  of 
monoclinic  and  tetragonal  grains  remain  separated  even  after  100  hours 
thermal  exposure.  The  monoclinic  grains  were  found  to  contain  2.1/S  Y203  and 
the  tetragonal  (T  )  grains  contain  4.5%  Y203  concentration.  Strain  contrast 
is  evident  within  the  monoclinic  grains. 


Position 

A12°3 

Si02 

Cr203 

CoO 

NiO 

1 

2.2 

43.1 

9.3 

4.3 

41 . 1 

2 

5.7 

55.2 

6.9 

2.8 

29.3 

3 

25.0 

3.3 

65.2 

0.6 

5.8 

Fig.  1.  TEM  micrograph  of  oxide  scale  after  1  hour  thermal  exposure  at  1200°C 
and  the  result  of  point  EDAX  analyses. 
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Fig . 


(b)  (O 


(a)_(c)  TEM  micrograph  of  ceramic  coating  after  100 
thermal  exposure  at  1200°C  showing  separate  regions 
monoclinic  and  tetragonal  grains. 


hours 
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Silicon  carbide  whisker-reinforced  Al-O,  matrix  composites 
were  fabricated.  Homogeneous  dispersion  of  the  whisker 
in  the  starting  powder  mixture  dominates  both  strength 
level  and  its  reliability.  Improvements  both  in 
strength  and  fracture  toughness  have  been  observed. 

Alumina  matrix  composite  was  applied  as  a  cutting  tool, 
which  exhibited  good  performances. 

1.  Introduction 

Improvements  in  both  toughness  and  reliability  are  indispensable  to 
the  application  of  ceramics  as  a  structural  material.  For  this  purpose, 
fiber-reinforcement,  especially  whisker-reinforcement  attracts  much 

attention  today. 

Whiskers  in  the  FRC ( F i be r - r e i nf or ced  Ceramics)  make  the  crack 
sensitivity  of  the  matrix  lower  and  then  the  composite  tend  to  be  tolerable 
against  flaws  on  its  surface  or  in  the  body.  Whisker-reinforcement  has 
also  a  prominent  effect  for  improving  reliability  of  the  composite.  In 

this  paper,  influences  of  whisker-reinforcement  on  the  mechanical 
properties  of  the  Al203  matrix-FRC  and  application  as  a  cutting  tool  are 
descr i bed . 

2.  Experimental 

On  the  fabrication  of  whisker-reinforced  composite(Fig.  1)  homogeneous 
dispersion  of  whiskers  in  the  composite  body  is  essential.  If  the  mixing 
of  the  whisker  and  the  matrix  powder  is  not  enough,  it  is  often  observed 
that  fracture  begins  from  a  whisker  entangle  in  the  sintered  body.  Unless 
these  defects  are  removed  from  the  starting  powder  mixture,  whisker- 
reinforcement  cannot  be  expected;  on  the  contrary,  only  strength 
degradation  will  be  observed. 

In  our  experiment  silicon  carbide  whisker  (SiC (w) )  was  first  dispersed 
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in  water  by  a  mechanical  stirring  and  then  the  suspension  was  filtered 
through  a  mesh  having  ca.  50  0  -  60  micrometer  opening  1  *  .  By  this 
filtration  process  almost  all  whisker  lumps  can  be  removed  from  the 
suspension. 

The  slurry  of  matrix  powder  with  10  -  40  wt%  silicon  carbide  whisker 
doped  with  some  sintering  additives  such  as  MgO,  was  mixed  with  the  whisker 
suspension,  dried  and  hot-pressed. 

3.  Results  and  discussion 

Concerning  with  the  fabrication  process  for  SiCfwJ-Al^O^  composite, 
dispersion  method  for  untangling  whisker  lumps  is  a  determinant  for 
strength  and  its  reliability.7' 

For  comparison,  three  kinds  of  alumina  matrix  FRC  have  been 
fabricated.  One  with  as-received  whisker,  one  with  the  whisker  which  was 
untangled  by  ultrasonic  for  10  minutes  under  a  mechanical  stirring,  and  one 
with  the  whisker  refined  through  a  filter  with  50  }in\  opening  after  the 
ultrasonic  treatment. 

Figure  2  shows  Weibull's  plot  of  the  strength  values  for  FRC  with  as- 
received,  ul trasonic-treated,  and  filtered  whisker  of  30  %.  The  average 
strength,  ca.  4  70  MPa,  of  the  FRC  with  as-received  whisker  is  lower  than 
even  that  for  monolithic  alumina.  On  the  other  hand,  the  whisker 
treatment  improves  both  strength  level  and  reliability.  The  composite  with 
the  f iltered-whisker  has  an  average  strength  of  1  GPa,  which  would  be  one 
of  the  highest  values  reported  for  alumina-based  ceramics. 

Fracture  toughness  is  also  improved  as  shown  in  Fig.  3.  Toughness 
increases  as  increasing  with  the  whisker  content.  Toughening  mechanism  is 
assumed  to  be  crack  deflection  and/or  c rack  bridging  of  whisker  in  the 
crack  wake  region.  Fiber  pull-out  has  not  been  observed  so  much  on  the 
fracture  surface. 

This  alumina  matrix  FRC  was  applied  to  a  cutting  tool.  Important 
charac teristics  for  cutting  tool  material  are  high  wear  resistance  and 
mechanical -shock  resistance.  Improved  strength  and  crack  resistance  by 
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whisker  incorporation  seem  to  make  the  composite  a  promising  candidate  for 
the  application. 

Figure  4  shows  wear  curves  of  SiC (w) -a lumina,  Si^N^  and  super-hard 
alloy  on  continuous  cutting  of  heat-resistant  alloy  Inconel  718  . 

Alumina  FRC  exhibits  a  superior  wear-resistance  than  other  materials. 

Figure  5  shows  spal  1  ing -r es is tance  of  a lumina-S iC ( w) ,  Si3N4,  and 
alumina-TiC  on  the  intermittent  cutting  of  cast  iron  .  The  whisker 
composite  has  a  longer  life  for  repeated  mechanical  shocks  than  the 
particulate  reinforced  composite. 

Figure  6  shows  cutting  performances  of  SiC  (w ) -A  1203  ,  TiC-Al^O^  and 
Si3N4  on  the  intermittent  milling  of  cast  iron  .  Under  such  severe  cutting 
condition  with  complex  stress-state  at  the  tip,  whisker-reinforced  alumina 
shows  excellent  behavior  than  other  materials. 


4.  Conclusion 

SiC  whisker  reinforced  Al203  were  fabricated.  By  the  reinforcement, 
various  mechanical  properties  were  improved,  such  as  bending  strength, 
hardness,  or  fracture  toughness. 

It  was  found  that  the  reinforcement  of  the  whisker  produced  composites 
with  high  reliability.  On  the  field  tests  as  a  cutting  tool,  SiC(w)- 
A1203  composite  exhibited  to  be  a  high  wear-resistant  and  shock-tolerable 
material  in  comparison  with  conventional  ceramic  cutting  tools. 
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Development  and  Application  of  High  Thermal  Conductivity  AIN  Substrates 
Kurokawa  Y„  Shimada  Y.,  and  Takamizawa  H. 

Material  Development  Center,  NEC  Corporation 
1-1,  Miyazaki  4-chome,  Miyamae-ku,  Kawasaki  city  213  Japan 

Recent  trend  on  the  development  of  high  thermal  conductivity  substrates  is  introduced  first. 
Hiffh  thermal  conductivity  AIN  substrates,  which  have  thermal  conductivity  of  160-260  W/mK, 
have  been  developed  by  NEC  Corporation.  The  AIN  substrates  have  several  excellent 
characteristics  at  room  temperature,  such  as  high  thermal  conductivities  over  10  times  that  ol 
AI2O3,  a  thermal  expansion  coefficient  close  to  silicon,  high  electrical  insulation  resistivity,  low 

dielectric  constant  and  loss,  good  mechanical  properties  and  non-toxicity.  .  ,  , 

The  AIN  substrates  were  applied  to  several  electrical  and  optical  devices.  AIN  was  tound  to 
be  applicable  as  heat  sinks  to  three  kinds  of  semiconductor  devices:  1)  silicon  transistor  2), 
GaAlAs  LED  and  3)  InGaAsP  laser  diode.  The  multilayer  AIN  substrate  was  also  developed  by 
co-firing  AIN  green  sheets  with  W  conductor  paste.  New  thick  film  conductor-resistor-glass 
encapsulant  system  with  excellent  performance  was  developed.  This  new  thick  film  paste  system 
consists  of  Zn0-B203-Si02  new  glass-frits.  Furthermore  it  was  found  that  AIN  with  thermal 
conductivity  of  260  W/mK  is  compatible  with  99.5%  BeO  as  a  high  power  semiconductor  package. 
Finally  AIN  is  the  most  promising  candidate  for  the  advanced  packaging  material. 


I.  Introduction 

The  ever  increasing  demand  for  electronic 
circuit  miniaturization  is  continuing  for 
advanced  electronic  devices.  However  as  a  result 
of  increasing  circuit  density  and  power  on  silicon 
chips,  heat  dissipation  from  the  chips  is  becoming 
critical.  In  electronic  devices,  heat  dissipation 
through  the  substrate  is  one  of  the  best  ways  to 
achieve  efficient  management  of  heat  from 
microcircuits.  High  thermal  conductivity 
substrates  will  enable  heat  to  be  readily 
dissipated  from  the  chips. 

Nowadays,  AI2O3  ceramics  (alumina)  with 
thermal  conductivity  of  20  W/mK  at  room 
temperature  has  been  dominant  among  substrate 
materials.  In  some  cases,  BeO  ceramics  (beryllia) 
has  been  used,  in  spite  of  its  toxic  nature,  because 
it  has  high  thermal  conductivity  of  260  W/mK. 
Recently  high  thermal  conductivity  substrates, 
such  as  SiC  and  AIN  substrates,  have  been 
developed  in  Japan  [1,2, 3, 4, 5, 6],  Table  1 
summarizes  the  recent  trend  on  the  development 
of  high  thermal  conductivity  substrates.  The  SiC 
substrate,  which  has  excellent  properties  for 
packaging  material,  such  as  nigh  thermal 
conductivity  of  270  W/mK,  high  electrical 
insulation  resistivity,  a  thermal,  expansion 
coefficient  close  to  that  of  silicon  chip,  and  high 
mechanical  strength,  has  been  developed. 
However,  it  has  disadvantages  that  the  dielectric 
constant  and  loss  are  extremely  high  and  the 
multilayer  substrate  can  not  come  true  through  a 
hot  press  process.  On  the  other  hand,  aluminum 
nitride  (AIN)  substrates  overcame  these 
problems  and  showed  superior  properties  to 
AI2O3,  though  the  thermal  conductivities  were 
not  as  high  as  that  of  BeO  at  the  first  stage 
[2, 3, 4, 5].  Recently  the  thermal  conductivities  of 
AIN  increased  remarkable  in  a  few  years  in 
Japan  by  improvement  of  raw  AIN  powder  and 
sintering  process  and  by  utilizing  effective 


sintering  additives,  such  as  CaC2,  CaO  and  Y2O3, 
and  finally  it  became  close  to  that  of  BeO[6,7,8]. 
Further,  various  applications  and  evaluations, 
such  as  heat  sinks,  cerdip  package,  flat  package, 
multilayer  multichip  package,  PGA  package  and 
multilayer  PGA  package,  were  investigated 
[5, 6, 7, 8, 9].  At  last  AIN  seems  to  be  the  most 
promising  candidate  material  for  thermal 
management. 

The  thermal  conductivity  of  AIN  ceramics 
is  greatly  influenced  by  its  chemical  purity  and 
density,  while  the  theoretical  value  is  predicted 
to  be  320  W/mK  at  room  temperature. 

Table  1  Recent  trend  in  the  development  of  high 
thermal  conductivity  substrates 


Year 

Company 

Material 

Thermal 

Conductivity 

Topics 

1982 

Hitachi 

SiC 

270w/mK 

— 

1983 

Toshka 

AN 

60 

Thyristor  for  Train 

1964 

Hitachi 

SC 

270 

ECl  LSI  Package 

Toshka 

AN 

100 

Y2O3  Additive 

Tokuyama 

Soda 

AN 

no 

High  Purity  AN  Powder 
Translucent  AN 

Heraeus 

AN 

140-170 

NEC 

AN 

160 

Reducng  Sntenng 

NEC 

AN 

160 

Transistor ,  LED ,  Laser  Diode 

1985 

Sunitomo 

Denko 

AN 

220 

— 

1986 

NEC 

AN 

240-260 

CaC2  Reductant 

NEC 

AN 

160 

Multiayer  Substrate 

Tokuyama 

Soda 

AN 

260 

— 

1987 

Toshka 

AN 

260 

Reducing  Atmosphere 

Toshka 

AN 

70 

Multilayer  PGA 

Fig. 1  Relation  between  thermal  conductivity  and 
oxygen  content  of  AIN  ceramics. 

Especially,  a  small  amount  of  oxygen  impurity 
markedly  decreases  thermal  conductivity  as 
shown  in  Fig.  1. 

2.  AIN  Substrate  Properties 

Typical  properties  for  the  AIN  substrate 
are  summarized  in  Table  2.  Table  2  compares 
properties  for  AIN  and  other  substrates  (A1203, 
BeO,  SiC)  at  room  temperature. 

The  AIN  substrate  has  a  maximum 
thermal  conductivity  of  240~260  W/mK  at  room 
temperature,  which  is  over  12  times  as  high  as 
that  of  AI2O3  and  80%  of  the  theoretical  value. 


The  AIN  substrate  shows  excellent  thermal 
expansion  matching  to  the  silicon  chip.  The 
thermal  expansion  coefficient  is  closer  to  that  of 
silicon  than  those  of  AI2O3  and  BeO.  As  a  result, 
there  is  little  stress  problem  induced  by  thermal 
mismatch  between  silicon  chip  and  AIN 
substrate. 

The  AIN  substrate  also  has  good  electrical 
roperties,  as  good  as  AI2O3  and  BeO.  It  shows 
igh  electrical  insulation  resistivity,  and  low 
dielectric  constant  and  loss,  though  SiC  has  the 
disadvantages  of  extremely  high  dielectric 
constant  and  loss  [1]. 

The  AIN  substrate  shows  not  only  higher 
flexural  strength  but  also  easier  machinable 
property  than  AI2O3.  The  flexural  strength  at 
room  temperature  is  3500~4000  kg/cm2,  which  is 
higher  than  those  of  AI2O3  and  BeO.  On  the 
other  hand,  the  vickers  hardness  is  1200  kg/mm2. 

3.  AIN  Substrate  Applications 
3-1.  Heatsinks 

The  AIN  substrate  with  thermal 
conductivity  of  160  W/mK  was  first  applied  as  a 
heat  sink  of  the  high  power  semiconductor 
devices  shown  in  Fig.  2  [5].  Both  surfaces  of  AIN 
substrate  were  metallized  by  the  conventional 
Ti/Pt/Au  sputtering  technique.  It  was  proved 
that  AIN  is  able  to  be  metallized  with  good 
stability  and  reliability  by  the  pressure  cooker 
test,  the  high  temperature  high  humidity  test, 
the  high  temperature  test  and  the  heat  cycle  test 
[6].  The  thermal  resistance,  and  electrical  and 
optical  properties  for  the  three  different 
semiconductor  devices  were  measured.  The 
thermal  resistance  for  them  are  summarized  in 
Table  3.  Today  toxic  BeO,  silicon  crystal,  silicon 
or  expensive  diamond  crystals  are  used  as  heat 
sinks  of  silicon  transistor,  GaAlAs  LED  and 


Table  2  Properties  for  AIN  and  other  substrates  at  room  temperature 


^^-^^Substrates 

Properties 

NEC-AIN 

96%AI20j 

99.5%BeO 

SiC 

Thermal  Conductivity  (W/hnK) 

160-260 

20 

260 

270 

Thermal  Expansion  Coefficient 
(r.t.~  400*0  (xlO‘*/°C) 

4.3 

6.7 

7.5 

3.7 

Electrical  Resistivity  (fl cm) 

>io'3 

>1  o'3 

>io'3 

>io13 

Dielectric  Constant  at  1 MH2 

8.9 

8.9 

6.7 

42 

Dielectric  LossUIO"4)  at  IMHZ 

1 

2 

1 

500 

Flexural  Strength  (Kg/cm2) 

3500—4000 

3000 

2500 

4500 

Vickers  Hardness  (Kg/mm2) 

1200 

3000 

1200 

3000 

Thermol  expansion  coefficient  of  SI  Is  3.5~4.0  xlO"‘/°C. 
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(1)  (2)  <3) 


Fig. 2  Semiconductor  devices  with  AIN  heat  sink. 

(1)  Silicon  Transistor 

(2)  GaAlAs  Light  Emitting  Diode 

(3)  InGaAsP  Laser  Diode 

InGaAsP  laser  diode,  respectively.  The  thermal 
conductivity  of  each  heat  sink  is  shown  in  Table 
3.  In  case  of  AIN  heat  sinks  thermal  resistance 
were  all  small  enough  to  be  compatible  with  the 
conventional  heat  sinks  in  these  devices.  On  the 
other  hand,  no  great  difference  was  detected  in 
the  significant  electrical  and  optical  properties  on 
the  device,  such  as  the  total  dissipation  power, 
the  output  power,  the  rise  time,  the  fall  time,  etc. 
Finally  it  was  assured  that  AIN  is  applicable  to 
these  electrical  and  optical  devices. 

3-2.  Multilayer  AIN  Substrate 

A  co-fired  multilayer  AIN  substrate  is  a 
significant  breakthrough  for  AIN  substrate 
application.  Multilayer  AIN  substrates  were 
successfully  developed  by  co-firing  the  AIN  green 
sheets  with  W  conductor  pastes.  Characteristics 
for  the  test  sample  are  summarized  in  Table  4. 
Sheet  resistivities  of  external  and  internal 
conductors  were  20  and  25  mil/O,  respectively. 
These  values  are  satisfactory  for  practical  use. 
The  adhesion  strength  of  the  external  W 


conductors  was  higher  than  2kg/mm:L  In 
addition,  the  camber  of  the  multilayer  AIN 
substrate  was  measured  to  investigate  any 
shrinkage  mismatch  between  the  AIN  substrate 
and  the  W  conductor.  The  camber  of  20  pm/20 
mm  is  as  good  as  that  of  the  standard  AIN 
substrate.  These  preliminary  results  indicate 
that  the  multilayer  AIN  substrate  is  feasible  for 
use  in  place  of  a  conventional  AI2O3  package. 

A  multilayer  AIN  substrate,  with  three 
metallized  layers,  is  shown  in  Fig.  3.  It  is  an 
example  of  a  multichip  package  (MCP),  which  is 
capable  of  mounting  10  LSI  chips. 
Microstructural  characterization  was  carried 
using  TEM  (transmission  electron  microscope). 
BF  image,  DF  image  and  SAD  (Fig.  4)  revealed 
that  there  was  no  reaction  between  AIN  and  W  at 
the  interface.  It  was  concluded  that  the  high 
adhesion  strength  between  W  conductor  ana  the 
AIN  substrate  was  not  due  to  any  secondary 
phase  but  to  mechanical  interlocking  of  AIN  and 
W  during  cofiring. 


Table  4  Characteristics  for  the  multilayer  AIN 
substrate  with  co-fired  W  conductor 


Test 

Result 

Sheet  resistivity  rExternol  conductor 

20ma/ □ 

L  Internal  conductor 

25  mU  /  a 

Adhesion  strength 

>  2  kg /mm2 

Camber 

20 ^m / 20  mm 

Table  3  Thermal  resistance  for  semiconductor  device  with  AIN  heat  sink 


Sink 

^sThermal*"^- 

^XQonductivity 

X^tRT) 

Semiconductor  Device  \ 

92%Al203 

Silicon 

Crystal 

AIN 

995%  BeO 

Diamond 
Crystal 
( la) 

I7w/mk 

ISO 

160 

260 

IOOO 

Silicon  Epitaxial  Transistor 
(  <  50°C/W  ) 

77  °c/w 

— 

39 

34 

— 

GaAlAs  Light  Emitting  Diode 

— 

95°C/W 

86 

— 

— 

InGaAsP  Laser  Diode 

— 

I05°C/W 

88 

— 

70 
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Fig. 3  Multilayer  AIN  substrate  with  3  metallized 
layer. 


3-3.  Hybrid  IC  module 

A  thick  film  paste  system,  using  conductor 
and  resistor  pastes,  is  very  popular  Tor  making 
hybrid  integrated  circuits.  The  commercial  thick 
film  pastes  for  AI2O3  substrates  are  not  generally 
compatible  with  AIN  substrates.  Fundamental 
problems  are  that  most  glasses  in  thick  film  paste 
sometimes  decompose  AIN  into  nitrogen  gas  and 
there  is  a  great  thermal  expansion  mismatch 
between  AIN  and  glass-frits. 

The  new  thick  film  paste  system  lor  A1JN 
substrates  consists  of  new  Zn0-B203-Si02  glass- 
frits.  The  thermal  expansion  coefficient  for  new 
glass-frits  is  close  to  that  for  AIN  substrates. 

Thick  Film  Paste  System  Process 

All  thick  films  were  printed  onto  AIN 
substrates  using  a  200  mesh  stainless  steel 
screen.  After  drying  at  150°C  for  10~50  minutes, 

conductor  and  resistors  were  fired  in  a  belt 
furnace  at  850°C  peak  temperature  for  10 
minutes  in  air.  The  glass  encapsulant  was  fired 
in  a  belt  furnace  at  600°C  for  5  minutes  in  air. 

Thick  Film  Conductor 

This  thick  Ag-Pd  film  conductor  did  not 
blister  and  was  applicable  for  use  with  AIN 
substrates.  The  conductor  adhesion  strength  was 
1.7  kg/mm2,  which  was  measured  by  pulling 
nailhead  pins  soldered  onto  2  mm  square  pads. 
This  value  was  higher  than  the  practically 
available  lower  limit  of  1.5  kg/mm2.  Table  5 
summarizes  the  typical  properties  on  the 
conductor  film.  These  results  indicate  that  the 
thick  film  conductors  have  excellent  reliability. 

Thick  Film  Resistors  and  Glass  Encapsulant 

New  thick  film  resistor  series  have  been 
developed  with  excellent  performance  on  AIN 
substrates.  The  resistors  mainly  consist  of  R11O2 
and  devitrifiable  solder  glass  of  Zn0-B203-Si02 


Table  5  Properties  of  thick  film  conductor 
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Table  6  Properties  of  thick  film  resistors 


Resistivity  (QO) 

10 

100 

IK 

10K 

100K 

a 

TCR  (ppm/°C) 

HOT 

160 

20 

-10 

-70 

-140 

-300 

COLD 

120 

-20 

-20 

-80 

-170 

-350 

Variations  In  Resistivity 

by  Glass  Encapsulant  (%) 

Q 

B 

-1.5 

-0.6 

B 

HOT  :  25°C  ~  125 °C  COLD  :  25°C  ~  -55°C 


system.  Resistivity  values  for  the  resistors  are 
10,  100,  1  K,  10  K,  100  K  and  1  Mft/D.  Table  6 
shows  properties  of  newly  developed  resistors  for 
AIN  substrates.  Thick  film  resistor  layers  did  not 
have  bubbles  or  blisters.  The  TCR  for  1  Mfl/D 
resistor  needs  improvement,  because  it  is  less 
than  —250  ppm/°C.  These  facts  indicate  that  the 
new  Resistors  for  AIN  substrates  have  excellent 
reliability. 

The  glass  encapsulant  has  also  been 
developed  for  AIN  substrates.  It  mainly  consists 
of  glasses  having  low  thermal  expansion 
coefficient,  close  to  that  for  AIN  substrates.  The 
encapsulant  did  neither  produce  any  bubbles  and 
cracks,  nor  change  color  due  to  silver  migration. 

Thick  Film  Metallization  Application 

Figure  5  shows  a  AIN  hybrid  IC  module  for 
a  car  telephone,  with  the  new  thick  film  paste 
system. 

3-4.  High  Power  Semiconductor  Package 

AIN  substrates  were  applied  to  the  package 
for  high  power  semiconductor  devices  snown  in 
Fig.  6. 

Their  thermal  resistances  are  summarized 
in  Table  7.  Today,  toxic  99.5%  BeO  is  used  for 
this  high  power  semiconductor  device  packages. 
Standard  specifications  on  the  device  indicate 
that  the  thermal  resistance  Rth(j—c)  is  less  than 
0.55°C/W  and  the  total  dissipation  power  is  200 
W.  In  case  of  AIN  package  W  heat  sink  was  used 
in  stead  of  80wt%W/20wt%Cu  heat  sink.  The 
thermal  resistance  in  case  of  AIN  substrates, 
which  have  260  W/mK  thermal  conductivity  was 
0.42°C/W.  On  the  other  hand  the  thermal 
resistance  for  99.5%  BeO  was  0.38°CAV.  The 
thermal  resistance  in  case  of  AIN  was  higher 
than  that  of  BeO,  because  W  heat  sink  was 
brazed  onto  the  AIN  substrates.  The  results 
indicate  that  the  thermal  resistance  for  the  AIN 
is  close  to  that  for  99.5%  BeO,  which  is  in  good 
agreement  with  the  thermal  conductivity 


magnitude  and  the  AIN  package  is  applicable  to 
the  device. 


Fig. 6  AIN  high  power  semiconductor  package. 


Table  7  Thermal  resistance  for  high  power 
semiconductor  devices 


4.  Conclusion 

Heat  dissipation  from  silicon  chips  is 
becoming  ever  more  critical  from  year  to  year. 
The  advanced  AIN  substrate  has  properties 
superior  to  AI2O3,  and  does  not  have  the  thermal 
expansion  mismatching  to  the  silicon  chip  and 
toxicity  that  appear  for  BeO.  Therefore,  the  AIN 
substrate  seems  to  be  the  most  promising 
candidate.  The  AIN  substrate  will  be  applied  to 
high  density,  high  power  and  high  frequency 
microcircuits,  such  as  LSI,  VLSI,  hybrid  IC,  high 
power  transistors  and  diodes. 
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SUPERCONDUCTING  CERAMIC  ARTIFICIAL  SUPERSTRUCTURED  FILMS 

4  t?  W)  a  J-  «• 


Ken  1 1  Kawaguchi .  Mitsugu  Sohma,  Shigemltsu  Shin 
National  Chemical  Laboratory  for  Industry 
Tsukuba,  Ibarakl  305,  Japan 


Artificial  superstructured  films  (ASF's)  composed  of  transition  metal  nitrides 
were  prepared  by  alternate  reactive  deposition  method  using  electron-beam  guns  (E-guns). 
The  ASF  of  the  combination  of  MoN  and  TIN  were  epitaxially  grown  on  MgO{100}  single  crystal 
substrate.  Those  artificial  superstructures  of  [MoN(2  atomic  planes)/TiN(2  atomic  planes)], 
[MoN(monatomic  plane)  /TiN(17  atomic  planes)],  and  [MoN(12  atomic  planes )/TiN (monatomic 
plane)]  were  successfully  synthesized  and  it  was  confirmed  that  the  synthesis  of  ASF  on '•the 
atomic  scale  is  possible  for  ceramic  materials.  The  structural  analysis  indicates  the 
formation  of  Bl-MoN  which  is  a  non-equilibrium  phase  and  is  predicted  to  be  a  high  super¬ 
conducting  transition  temperature  (Tc)  material.  However,  the  ASF's  containing  Bl-MoN 
layers  showed  lower  Tc's  than  those  of  ASF's  with  r-MooN.  The  combination  of  superconduct¬ 
ing  material  (NbN)  and  ferromagnetic  material  (FeNx)  was  also  attempted. 

INTRODUCTION 


Transition  metal  nitride  films  have  been  used  for  protective  and  wear-resistive  coating 
and  the  application  for  the  micro-electronic  and  cryo-electronlc  materials  has  been  remark¬ 
able  recently.  Since  extremely  thin  nitride  films  and  their  heterostructures  are  used  for 
the  electronic  materials,  such  studies  as  the  thickness  control  on  the  atomic  scale,  micro¬ 
scopic  structural  properties,  and  the  physical  properties  are  Important.  Artificial  super- 
structured  film  (ASF)  Is  a  good  model  sample  for  the  basic  studies.  The  ASF  often  shows 
unusual  structural  and  physical  properties  different  from  those  of  bulk  material  derived 
from  interface  effects,  two-dimensional  effects,  one-dimensional  superstructure,  etc.,  and 
hence  the  ASF  also  attracts  attention  as  a  new  material. 

Molybdenum  mono-nitride  with  the  Bl-structure  is  expected  to  be  a  high-Tc  superconduc¬ 
tor.  The  Tc  is  predicted  to  be  about  30  K  from  empirical  estimation  /l/  and  theoretical 
calculation  /2,3/.  Since  the  Bl-MoN  is  a  non-equilibrium  phase.  It  Is  difficult  to  be 
synthesized  by  conventional  methods.  We  have  tried  to  stabilize  Bl-MoN  by  multilayering 
with  Bl-TiN,  because  the  lattice  constant  of  Bl-TiN  is  approximately  equal  to  the  estimated 
value  of  Bl-MoN  (0.422  nm  /l/  -  0.425  nm  /3/). 

The  ASF  with  the  combination  of  ferromagnetic  material  (FeNx)  and  superconducting 
material  (NbN)  Is  also  interesting.  Some  information  about  the  competing  correlation  be¬ 
tween  ferromagnetic  ordering  and  superconducting  coherence  and  the  possibility  of  their 
coexistence  is  expected  from  the  study  of  the  ASF.  The  study  of  MoN-TIN  ASF's  is  mainly 
described  and  the  tentative  results  of  NbN-FeNx  ASF’s  are  also  presented  in  this  report. 


PREPARATION  OF  MoN-TIN  ASF'S 


Samples  of  MoN-TiN  ASF’s  were  prepared  by  an  alternate  reactive  deposition  method  using 
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e 1 ec t ron -be am  guns.  Nitride  films  are 
generally  prepared  by  sputtering,  because 
the  pressure  of  reactive  gas  atmosphere  is 
higher  in  sputtering  than  in  reactive 
deposition  and  hence  the  nitrogen  composi¬ 
tion  of  the  sample  prepared  by  sputtering 
is  expected  to  be  higher  than  that  by 
reactive  deposition.  While  the  reactive 
deposition  method  Is  convenient  to  control 
preparing  conditions  such  as  deposition 
rate,  substrate  temperature,  and  atmospher¬ 
ic  pressure  over  a  more  wide  range  and 
precisely.  Main  part  of  sample  preparation 
system  is  schematically  shown  in  Fig.  1. 

The  preparation  chamber  was  first  evacuated 
to  the  base  pressure  of  10'8  Torr.  Each 
metal  ingot  (99.99%  Mo,  Ti)  was  alternately 
electron-beam  evaporated  in  an  ammonia 
atmosphere.  The  atmospheric  pressure 
(P(NH3) )  was  in  the  range  of  10"5  to  10-4  Torr.  The  substrate  temperature  (Ts)  was  varied 
between  50  C  and  700  C.  Crystal  thickness  monitors  were  normally  placed  halfway  between  the 
substrate  and  the  evaporation  sources.  Since  the  thickness  monitor  is  strongly  affected  by 
thermal  radiation,  the  monitor  for  Mo  source  was  placed  far  from  the  crucible.  For  the 
purpose  of  precise  thickness  control  and  enough  nltridation.  samples  were  deposited  fairly 
slowly,  typically  about  0.01  nm/s.  Cleaved  single  crystal  Mg0{100}  plates  were  used  as 
substrates,  because  the  lattice  mismatch  between  MgO  and  B1-T1N  is  very  small  (0.6%)  and 
epitaxial  growth  is  expected. 


E-GUN-l 


E-CUN-2 


Flg.l  Schematic  representation  of 
reactive  deposition  system. 


STRUCTURAL  PROPERTIES  OF  MoN-TiN  ASF'S 


Structural  properties  of  ASF’s  were  investigated  mainly  by  X-ray  diffraction  (XRD) 
using  ordinary  powder  diffractometer.  Typical  XRD  patterns  of  MoN-TiN  ASF’s  are  shown  in 
Fig. 2.  Reflections  derived  from  artificial  periodicity  are  indicted  by  (*)  marks.  Though 
the  fundamental  {200}  reflection  of  the  MoN-TiN  ASF  was  usually  superposed  on  the  intense 
substrate  Mg0{200}  reflection  and  could  not  be  distinguished,  satellite  peaks  shown  in 
Fig. 2  (D)-(F)  indicate  the  preferred  orientation  of  MoN  and  TIN  {100}  planes.  Some  samples 
were  removed  by  dissolving  the  MgO  substrate  in  hot  HC1  and  examined  by  transmission  elec¬ 
tron  diffraction.  The  expected  epitaxial  growth  with  the  direction  of  ASF{100}//Mg0{100} 
was  confirmed  by  the  observation  of  the  spot  diffraction  pattern.  Artificial  periodicity  of 
ASF’s  were  evaluated  by  low-angle  reflections  (Fig. 2  (A)-(C))  and  middle-angle  satellites 
(Fig. 2  (D)-(F)).  The  shortest  periodicity  of  [MoN(0.4  nm)/TiN(0.4  nm)]  which  is  nominally 
composed  of  two  atomic  MoN  planes  and  TIN  planes  each,  was  successfully  formed  as  shown  in 
Fig. 2  (A)  and  (D).  The  ASF’s  composed  of  monatomic  MoN  plane  (Fig. 2  (B)  and  (E), 
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[MoN (0 . 2  nra)/TiN (3.4  nra)]) 
and  monatomic  TiN  plane 
(F iff. 2  (C)  and  (F), 
[ MoN (2.4  nm)/TiN(0 . 2  nm )  ] ) 
show  higher  order  reflec¬ 
tions.  Those  reflections 
imply  a  well  regulated 
artificial  superstructure. 
These  results  proved  that 
the  thickness  of  each 
deposited  layer  was  con¬ 
trolled  accurately  on  the 
atomic  scale. 

In  the  case  of  ASF,  it 


is  well  known  that  a  cal  XRD  patterns  of  MoN-TiN  ASF’s, 

single  fundamental  reflec¬ 
tion  is  observed  when  the  artificial  periodicity  is  short  enough  and  lattice 
spacings  of  both  stacking  layers  are  very  close.  Though  the  fundamental 
reflections  were  generally  not  observed  directly  as  described  above,  we 
could  calculate  the  position  from  their  satellite  peaks  on  the  basis  of  a 
simple  step-model  /4/.  The  calculated  position  represents  a  compos i t ionally 
averaged  spacing  of  stacking  atomic  planes.  The  averaged  lattice  constants 
are  plotted  against  MoN  composition  (XMo^)  in  Fig. 3.  The  linear  relationship 
between  the  averaged  lattice  constant  and  the  MoN  composition  indicates  that 
the  lattice  constant  of  each  MoN  and  TiN  layer  does  not  vary.  Therefore  each 
lattice  constant  is  estimated  from  the  intercept  (XMoN  =  0.0  or  1.0)  of  the 


straight  line.  The  MoN  layers 
of  the  ASF  prepared  under  the 
condition  (C)  (Ts=300  C, 

P ( NH3 )  =  10~5  Torr,  open  trian¬ 
gles)  are  composed  of  r-Mo2N 
judging  from  the  intercept 
at  XjyjQ^  =  1.0.  The  MoN 
lattice  constant  of  high- 
Ts  samples  (B)  (Ts=500  C, 

P(NH3)=10-5  Torr,  crosses) 
came  to  be  larger,  however 
it  is  not  enough  to  be 
Bl-MoN.  The  estimated  MoN 
lattice  constant  of  high- 
Ts  and  high-P(NH3)  samples 
(A)  ( Ts  =  500  C,  P(NH3,  open 
circles)=10”4Torr)  is 
within  the  range  of  pre- 


0.0  0.5  1.0 


MoN  COMPOSITION 

Fig- 3  Lattice  constant  of  ASF  as  a  function  of 
MoN  composition. 
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dieted  Bl-MoN  value  /1,2/.  All  the  extrapolations  to  XMoll[a0.0  approximately 
agree  with  the  lattice  constant  of  Bl-TiN.  Closed  circles  (A’)  and  closed 
triangles  (C')  are  from  the  samples  which  were  prepared  under  the  same 
condition  (A)  and  (C)  each  and  the  TiN  layers  are  thinner  than  0.4  nm.  Those 
data  deviate  from  the  straight  lines  significantly.  In  the  case  of  such 
extremely  thin  TiN  layers,  it  is  considered  that  the  TiN  layers  shrink  to 
form  the  coherent  TiN/r-Mo2N  interface. 


SUPERCONDUCTING  TRANSITION  TEMPERATURES  OF  MoN-TiN  ASF's 


Electrical  resistance  of  the  samples  was  measured  by  a  conventional 
four-probe  method.  The  superconducting  transition  temperature  (Tc)  ’was 
defined  as  the  mid-point  of  residual  resistance.  The  relationship  between  Tc 
and  MoN  lattice  constant  (aQ(MoN))  of  ASF's  Is  shown  in  Fig. 4.  Since  the 
measured  lattice  constant  is  an  averaged  value  as  mentioned  above,  the  MoN 
lattice  constant  is  calculated  by  assuming  a  linear  dependence  on  the  compo¬ 
sition.  Contrary  to  the  prediction,  Tc  decreases  with  Increasing  of  aQ(MoN). 
The  result  Indicates  that  the  Tc  of  Bl-MoN  is  lower  than  that  of  r-Mo2N. 
Though  several  problems  such  as  structural  strain  and  nitrogen  may  be  re¬ 
sponsible  for  the  low  Tc,  the  relationship  between  Tc  and  lattice  constant 
is  considered  to  be  essential. 

It  is  important  to  distinguish  the  contribution  from  impurity  phase, 
because  molybdenum  nitride  has  several  other  superconducting  phases  such  as 
<5 -MoN  (Tc-15  K).  r-Mo2N  (Tc-5.5  K),  and  bcc-MoNx  (Tc  =  l-5  K). 

Actually,  a  single  layer  film  ( SLF )  of  MoN  showed  some  weak  XRD  reflections 


derived  from  impurity 
phases.  While  any 
other  XRD  reflections 
were  observed  for  the 
ASF  prepared  under 
the  same  condition. 
The  Tc  of  SLF  is 
higher  than  that  of 
ASF ,  however  the 
transition  width  of 
the  SLF  is  much 
broader .  Those  re¬ 
sults  prove  that  the 
ASF  method  is  effec¬ 
tive  for  the  prepara¬ 
tion  of  single-phase 
Bl-MoN. 


0.00  0.05 

do  (MoN)  (nm) 

Fig. 4  The  relationship  between  Tc  and 
MoN  lattice  constant  (a0(MoN)). 
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NbN-FeN  ASF’s 


The  combination  of  supercon¬ 
ducting  nitride  and  ferromagnetic 
nitride  has  been  also  attempted. 

Niobium  nitride  (NbN)  and  iron 
nitride  (FeN)  were  deposited 
alternately  in  nitrogen  atmosphere 
activated  by  r.f.  plasma.  Another 
deposition  apparatus  equipped  with 
the  r.f.  plasma  generator  was 
designed  in  order  to  promote 
nitridation  during  deposition.  The 
base  pressure  is  about  10*^Torr 
and  nitrogen  atmospheric  pressure 
during  deposition  is  10~3Torr. 

Three  XRD  patterns  are  shown  in 
Fig. 5.  No  diffraction  peaks  were  observed  for  the  sample  prepared  in  non- 
activated  atmosphere  (Fig. 5  (A)).  The  reflections  around  20=41*  in  Fig. 5 
(B),(C)  are  considered  to  be  Bl-NbN{200}.  Since  any  other  reflections  were 
not  observed  without  Bl-NbN{200}  and  {400},  Bl-NbN{100}  planes  stacked 

preferentially.  The  rocking  curves  of  the  reflections  were,  however,  fairly 
broad.  The  ASF  is  considered  to  have  a  textured  structure  with  a  mosaic 
structure.  Information  about  the  structure  of  iron  nitride  has  not  been 
obtained  yet.  The  low-angle  reflections  derived  from  the  artificial  perio¬ 
dicity  were  observed  clearly  in  the  case  of  low-Ts  (Fig. 5  ( C )  ) .  The  research 
of  optimum  preparing  condition  is  under  way. 


ASF  NbN ( 4 , Onm) /FeNx ( 0 , 8nm)  1 0'3Torr-N2 


Fig. 5  XRD  patterns  of  NbN-FeN  ASF  s. 


SUMMARY 

Artificial  supers  true tured  films  of  MoN  and  TiN  were  successfully  synthe¬ 
sized  using  alternate  reactive  deposition  method.  The  thickness  was  con¬ 
trolled  on  the  atomic  scale.  The  formation  of  n o n - e qu i 1 i b r i urn  Bl-MoN 
single-phase  was  confirmed  under  an  optimum  condition.  The  ASF’s  containing 
Bl-MoN  layers  showed  lower  Tc  than  the  ASF’s  composed  of  r-Mo2N  layers.  A 
combination  of  NbN  and  FeN  has  been  also  attempted  and  the  artificial  perio¬ 
dicity  was  confirmed. 
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Commence  the  first 

He  report  on  a  powder-in-tube  method  using  hot  extrusion  plus  hot  drawing  to  prepare  a  Y-Ba- 
CU-0  oxide  superconducting  wire  and  on  the  relation  between  microstructure  and  propertied  of 
YBa2Cu307.x  superconductor.  Sample  of  YBa2Cu307.x  oxide  superconductor  was  first  prepared  by 
the  solid  state  reaction  and  wire  samples  of  YBa2Cu307.x  superconductors  were  fabricated  by 
hot  extrusion  plus  hot  drawing.  It  is  confirmed  that  there  was  no  difference  in  the  crystal 
structure  of  YBa2Cu307-x  compound  between  bulk  sample  and  the  core  compound  in  wire  samples. 
Furthermore,  hot  working  brought  not  only  a  considerable  promotion  of  (00 j>  )  preferential  cr¬ 
ystal  orientation  of  superconducting  wire,  but  also  the  larger  grain  structure  and  the  reduc¬ 
tion  of  porosity  in  microstructure,  with  the  result  that  the  dense  structure  was  formed  with 
enhanced  connectivity  of  each  grain.  It  seems  the  increase  of  Jc  in  hot-worked  wir^at tr ibut- 
ed  to  these  micros  true tural  combined  effect s .  1S 


Since  Bednorz  and  Muller[l]  reported  possible  high  Tc  Superconductivity  in  the  La-Ba-Cu-0 
System,  oxide  superconductors  have  been  the  subject  of  tremendous  research  and  development  in¬ 
terest  throughout  the  scientific  groups.  Thereafter,  superconducting  compounds  with  high  crit¬ 
ical  temperature  and  critical  magnetic  field  such  as  Y-Ba-Cu-0[2]  and  Bi- Sr-Ca-Cu-0  0xides[3] 
were  found  and  they  became  of  great  interest  among  many  scientists  because  of  their  own  feasi¬ 
bility  for  the  application  of  superconductors  in  the  field  of  powder  transmission  lines,  supe¬ 
rconducting  magnets,  electronic  devices,  and  so  on.  These  superconducting  compounds,  however, 
need  to  be  fabricated  into  fine  wires  or  thin  films  for  the  practical  applications.  In  general, 
oxide  superconducting  materials  are  mechanically  hard  and  brittle  and  not  easily  drawn  into 
desirable  fine  wires  or  filament  forms.  Some  possible  fabrication  method  have  recently  been 
proposed  and  demonstrated,  for  example,  a  powder-in-tube  method,  a  powder-coating  method,  or  a 
melt-textured  growth  technique.  But,  it  is  likely  that  all  they  are  no  more  than  outpost  techn¬ 
iques  for  the  future  commercial  process  for  obtaining  oxide-superconducting  wires  or  filaments 
In  this  paper,  we  report  on  a  powder-in-tube  method  using  hot  extrusion  plus  hot  drawing  to 
produce  a  Y-Ba-Cu-0  oxide  superconducting  wire  and  on  the  relation  between  microstructure  and 

properties  of  YBa2Cu3°7-x  8uPerconduc tor - 


Experimental 

Sample  of  YBa2Cu307_x  oxide  superconductor  was  first  prepared  by  the  solid  state  reaction 
method  using  Y2O3,  BaC03  and  CuO  powders  with  high  purity  (99.99%  ).  Mixtures  of  these  powders 
were  calcined  in  air  at  9i0°C  for  16  hours  two  times  and  were  reground  into  powders.  The  powd¬ 
er  was  pressed  in  a  die  under  the  pressure  of  1  ton/cm2  to  prepare  disk-pellets  with  20ram  in 
diameter  and  2  mm  in  height,  and  the  disk-pellets  were  sintered  at  900  C  for  24  hours  in  oxygen 
atmosphere.  After  then,  sintered  compacts  were  cooled  in  the  furnace  and  held  at  600  C  for  3 
hours  in  flowing  oxygen  before  being  solwly  cooled  in  the  furnace  to  room  temperature.  Wire 
samples  of  YBa2Cu307.x  superconductors  were  fabricated  by  hot  working  of  the  powder-in-tube. 
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That  is,  the  wintered  YBa2Cu30y_x  compound  powder  was  packed  into  20  4  silver  tube.  The  initi¬ 
al  diameter  ratio  of  compound  core  to  Ag  tube  was  1/2.  This  composite  was  hot-extruded  into 
the  outer  diameter  of  5mm  at  950  C  and  subsequently  drawn  into  4.0,  3.45,  2.55,  1.45,  and  1.2 
mm  at  540°C,  respectively.  After  hot  working,  all  drawn-wire  samples  were  heated  at  900  C  for 
16  hours  and  then  held  at  600  C  for  2  days  in  oxygen  atmosphere  followed  by  cooling  in  the 
furnace.  X-ray  diffraction  analysis  was  carried  out  for  the  crystal  structure  of  hot-worked 
YBa2Cu307_x  compounds  and  their  microstructures  were  observed  by  optical,  polarized,  and  scan¬ 
ning  electron  microscope.  The  critical  temperature  (Tc  )  and  critical  current  density  (Jc  )  were 
measured  using  a  standard  four  probe  technique  without  removing  Ag  sheath  of  wire  samples  and 
the  criterion  for  the  critical  current  was  0.1  uV/cm. 

Result  and  Discussion 

Fig.  I.  shows  X-ray  diffraction  analyses  of  the  superconducting  compound  in  the  wire  samples 
fabricated  by  hot  working  and  heat-treated  at  900°C  after  hot  working,  in  which  (a)  indicates 
a  diffraction  pattern  of  sintered  bulk  sample,  (b  )a  pattern  of  core  compound  in  the  wire  samp¬ 
le  hot-drawn  into  3.45mm,  and  (c)  a  pattern  of 
hot-drawn  into  2.55mm  after  hot  extrusion. 

They  show  the  Cu-0  based  oxygen  deficient  per- 
ovskite  compound  structure  and  there  was  no 
difference  in  the  X-ray  diffraction  patterns 
between  bulk  sample  and  the  core  compound  in 
the  wire  samples.  Therefore,  it  is  confirmed 
that  the  initial  crystal  structure  of  the  YBa2 
CU3O7  x  compound  in  the  wire  was  maintained 
through  the  hot  working.  Futhermore,  it  should 
be  noted  that  they  show  a  considerable  promo¬ 
tion  of  ( 00 J2  )  preferential  crystal  orientati¬ 
on,  such  as  at  (003), (005),  and  (006)  peaks. 
According  to  this  result,  we  are  confident 
that  significantly  higher  grain  alignment  or 
texture  of  YBa^Cu^O^  ^  superconducting  compo¬ 
und  in  the  wire  samples  will  be  obtained  if 
we  have  hot  extrusion  and  hot  drawing  with  a 
bigger  extrusion  ratio  and  a  more  suitable  g- 
rain  structure.  We  believe  the  extra  peaks  ne¬ 
ar  20  =  38°  and  44°  are  ones  due  to  Ag  powder 
Fig . 1 .  X-ray  diffraction  patterns  of  (a)  bulk  mixed  when  we  raked  out  the  core  compound  fr- 
sample,  (b  )  hot  drawn  (3.454  ),  (c)  hot  drawn  om  the  finished  wires  for  the  preparation  of 
(2.554)9  (d)  forged  sample  X-ray  diffraction  powders. 

Fig. 2.  shows  the  electrical  resistance  vs.  temperature  curves  for  the  samples  sintered  and 
hot-worked.  Curve  (a)  is  for  the  bulk  sample  before  hot  extrusion,  (b)  is  for  a  sample  hot- 
extruded  into  5  mm  and  (c)  and  (d)  are  for  wire  samples  hot-drawn  into  3.45  mm  and  1.2  mm 
after  hot  extrusion,  respectively.  The  on-set  temperature  of  bulk  sample  was  95  K,  but  the  ones 
of  wire  samples  were  92  K  and  91  K.  On  the  other  hand,  the  off-set  temperature  of  bulk  sample 
and  wire  samples  are  90  K,  80  K,  and  84  K,  respectively.  These  large  transition  temperature 
width  (£iTc  )  in  the  wire  samples  may  be  ascribed  to  the  oxygen  deficiency  resulting  from  incom¬ 
plete  oxygen  diffusion  due  to  Ag  sheath  and  partially  ascribed  to  incomplete  optimization  of 
crystal  structure  of  hot-worked  superconducting  compound. 

Bulk  samples  had  the  typical  microstructure  of  stoichiometric  compound.  It  exhibited  plate¬ 
like  or  rectangular  grains  and  randomly  oriented  microstructure  with  an  average  grain  diameter 
of  about  5  pm.  Fig. 3.  shows  microstructures  of  hot-extruded  wire  superconductors. 
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They  had  the  similar  microstructure 
to  sintered  bulk  sample,  but  their 
grain  sizes  increased,  with  increase- 
ng  the  cross-sectional  area  reducti¬ 
on  of  hot  working.  This  may  be  attr¬ 
ibuted  to  the  enhancement  of  atom 
diffusion  and  reduction  of  porosity 
resulting  from  the  increment  of  the 
total  amount  of  working.  In  fact, 
the  increase  of  reduction  ratio  of 
hot  working  not  only  reduced  porosi¬ 
ty,  but  also  enhanced  grain  growth. 
Porosity  was  measured  on  micrographs 
by  linear  analysis  [4]  .  The  measured 
porosities  s  of  each  wire  sample  havi¬ 
ng  the  diameter  of  5,  3.45,  2.55, 
and  1.2  mm  were  17.2,  14.4,  13.3, 

and  12.7%,  respectively. 

While,  the  critical  current  densi¬ 
ty  Jc  also  increased  as  the  cross- 


Temperature  (K) 

Fig.  2.  Resistance-temperature  Curves  of 
(a)  Sintered  only,  (b)  hot-extruded  sample(5«S) 
(c)  hot -drawn  sample  (3.  45«0,(d)  hot -dr  awn  (1.2^) 


sectional  area  reduction  of  hot  working  becomes  larger.  The  Jc  at  77K  and  in 

zero  field  of  Ag-sheathed  wire  hot-drawn  into  1.45  mm  and  1.2  mm  in  outer  di- 

2  2 

ameter  were  roughly  114  A/cm  and  162  A/cm  ,  respectively.  These  results  may 


be  explained  by  the  larger  grain  structure  and  the  reduction  of  porosity  in 


microstructure. 


As  Ekin[5]  reported,  there  are  four  possibilities  for  optimizing  the  transpo¬ 
rt  current  density  of  YBa2Cu30y_x  superconductors.  They  are  grain  alignment, 
reduction  of  number  of  grain  boundaries,  increased  area  for  current  transfer, 
and  reduction  of  non-high-Tc  phase  at  grain  boundaries. 


Although  we  expected  the  development  of  grain  alignment  or  texture  through 
hot  extrusion  and  hot  drawing  of  YBa2Cu30^_x  compound  in  this  experiment,  we 
could  get  only  a  little,  as  shown  in  X-ray  diffraction  analysis  (Fig.l). 
However,  as  shown  in  Fig. 3,  the  grain  sizes  of  superconducting  wire  fabricat¬ 
ed  by  hot  extrusion  and  hot  drawing  were  larger  than  bulk  samples.  From  their 
results,  we  suggest  that  hot  working  brings  the  formation  of  fewer  grain 
boundaries  as  well  as  the  formation  of  dense  structure  with  enhanced  connect¬ 
ivity  and  the  foregoing  Jc  improvement  by  hot  working  is  attributed  to  the 
combined  effect  of  them.  But,  we  ignored,  in  this  experiment,  the  effect  of 
crack  occurrence  on  Jc,  which  occurs  from  the  difference  of  thermal  expansion 
between  Ag  sheath  and  superconducting  core  materials  during  heat  treament, 
because  their  harmful  effect  might  be  outweighed  by  the  beneficial  effect  for 
the  transport  current  with  the  increment  of  contact  area  between  grains  caus¬ 
ed  by  the  grain  growth  and  reduction  of  porosity  volume  mentioned  above. 

Conclusion  / 

YBa2Cu30y-x  superconducting  wire  Samples  with  silver  sheath  were  success! 
ully  fabricated  through  hot  extrusion  at  950’ C  with  the  diameter  of  5  mm  and 
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Fig. 3.  SEM  Photographs  compared  at  different  diameters  with  same  magni f icat ion (  x  1000  ) 
(a)  5.0  i  ,  (b)  3. *5*  ,  U)  2-55  and  (d)  1.2  t 


then  hot  drawing  at  540°C  with  the  diameter  of  4.0,  3.45,  1 1. *5,  1  ^2  mm ,  r. »■ pe  - 

,  Through  thr  X-ray  diffraction  analysis,  it  is  confirmed  that  there 

l..  „o  different,  in  oh.  crystal  structure  of  VB,2C«30,.<  ^ 

...pin.  fabricated  by  hot  .orbing  oonaiating  of  ho t  , , a t r  u .  t on  an hot  «• 

Path, more,  hot  .ocking  brought  a  oon.id.r.bl,  promotion  of  (OOl  ) 
till  crystal  orientation  of  VBajCujO,.*  sop. r c on  doc t i ng  .tr,  ...p i . a ,  -  • • 

t  (003)  (005)  and  (006)  peaks.  It  is  found  that  th.  larger  grain  stroctot 

had  .1.";  similar  v.L.s  of  above  90  K,  but  th.  off-set  t.mp.r.tot.  of  hot- 
drawn  wire  were  lower  than  those  in  the  bulk  samples. 
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I  Introduction 

The  pressureless  sintering  method  for  carbon  ceramic  composites  was  developed  by  the 
Government  Industrial  Research  Institute.  Kyushu.  This  method  uses  a  process  that  involves  raw 
material  mixing  and  grinding,  compacting,  and  pressureless  sintering.  Carbon  Silicon  Carbide 

(SiC)  -  Boron  Carbide  (B^C)  composite,  which  -  is  one  of  the  carbon  ceramic  composites  made  by 
this  process,  has  high  mechanical  strength  and  low  combustibility.  In  this  paper  we  report  the 
physical  properties  of  this  material,  the  effects  of  the  manufacturing  conditions, 
incombustibility,  and  machinability. 

II  Experimental  Procedure 

Crushed  raw  coke,  SiC,  and  B<C  was  mixed  and  ground.  The  composition  was  C-(0  to 
30)vol%(SiC+B<C),  SiC  to  B,C  was  1:1 38  by  weight,  for  example  C-20%(SiC+B<C)  =  C-15-5wt%SiC- 
20wt%B,G  The  mixed  powder  was  compacted  and  sintered  at  various  temperatures  for  an  hour  in 

an  At  atmosphere. 

We  measured  the  transverse  rupture  strength  (TRS),  shore  hardness,  and  other  physical 
properties.  Incombustibility  was  evaluated  by  weight  loss  after  oxidation  in  an  electric  furnace. 
For  the  machinability  test  the  workpieces  (*(70-30)  x  200)  were  turned  in  a  lathe  with  cemented 

carbide  (K10),  CBN,  and  diamond  inserts.  Tool  life  was  judged  by  flank  wear  length.  The  insert 

type  was  SNGN432,  and  cutting  angles  were  (5°  5°  -58  -5°  15°  15°  0-8). 

Ill  Results 

1.  Physical  Properties 

TTie  physical  properties  ot  C-SiC-B.C  composite  (C-ZOvoMfSiC+B.C)  are  shown  it  Table  1 
and  are  compared  with  other  carbon  materials.  C-SiC-B.C  composite  has  high  strength  and  high 
coefficient  of  thermal  expansion  because  of  its  low  porosity,  and  has  low  thermal  conductivity 
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Table. 1  Physical  Properties  of  C-SiC-B4C  Composite. 


C-SiC-B,C 

Common 

Common 

High  density 

composite 

carbon 

graphite 

isotropic  graphite 

Specific  gravity 

1.95-2.05 

1.7 

1.6 

1.8 

Shore  herdness 

70-100 

62 

25 

54 

Transverse  rupture 
strenyth  (kg/ ran2) 

15-20 

4.7 

2 

4 

Thermal  expansion 
coefficient ( X 10s /deg) 

4. 5-5.5 

3.6 

2.0 

4.6 

Thermal  conductivity 
(Cal/cnrdeg*sec) 
(Kcal/m*deg*hr) 

0.04-0.08 

14.3-28.6 

0.056 

20 

I 

0.28 

100 

Resistivity 
(mQ  *an) 

1-10 

— 

0.85 

1.1 

Thermal  shock 
resistance,  A  TOC) 

600 

>1000 

>1000 

less  graphitization.  This  composite  was  nearly  isotropic  for  all  properties. 

2.  Effects  of  manufacturing  conditions 

I) 

Fig.  1  shows  the  effect  of  sintering  temperature  on  transverse  rupture  strength.  Pure  C 
showed  maximum  tranverse  rupture  strength  at  1400°C.  In  contrast,  C-SiC-B^C  was  at  its  minimum 
strength  at  1400°C,  and  then  increased  at  increased  sintering  temperature.  It  seems  that  above  1400°C 
the  decrease  in  the  pure  C  transverse  rupture  strength  is  caused  by  the  progress  of  graphitization, 
and  the  increase  for  C-SiC-B^C  is  caused  by  sintering  of  (SiC-B^C)  powder.  The  decrease  in  rupture 
strength  of  C-SiC-B4C  below  1400°C  is  probably  caused  by  degradation  of  interface  strength  between 
C  and  SiC  due  to  CO  gas  and  SiO  which  are  made  by  the  reaction  between  the  matrix  carbon  and 
Si02  on  the  surface  of  the  SiC  particles. 

Although  it  is  not  dealt  with  here,  the  transverse  rupture  strength  increased  and  the  shore 
hardness  decreased  with  the  increase  of  ceramic  content,  and  we  also  observed  the  significant  effect  of 
compacting  pressure  on  properties. 

3.  Incombustibility 

2) 

Fig.  2  illustrates  the  incombustibility  of  C-SiC-B^C  composite.  5%vol  or  more  (SiC-B^C) 
showed  less  weight  loss  due  to  oxidation  because  of  the  reaction  of  SiC  and  B^C  with  atmospheric 
oxygen  to  form  a  thin  film  of  Si02-B203  boron  silicate  glass  on  the  surface  which  prevented  the  passage 
of  oxygen  and  thus  oxidation. 
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strength  of  composites  and  pure  carbon 
solid  with  sintering  temperature. 


Fig. 2  Changes  with  weight  loss  with 
oxidation  time  at  800T:  of  the  C-SiC-B„C 
composite  with  various  initial  contents 
of  the  carbide. 


4.  Machinability 

For  the  machinability  test,  the  workpieces  contained  0  to  30vol%(SiC-E^C)  and  were  sintered 
at  1400°C  or  2050°C. 

Fig.  3  shows  flank  wear  (VB)  against  cutting  time  (T)  for  cemented  carbide  cutting  of  C-SiC- 
B,C  composite.  With  the  1400°C  sintered  workpieces,  the  life  of  the  inserts  reached  a  minimum  at 
20vol%.  With  low  ceramic  content,  the  life  of  inserts  cutting  2050°C  workpiece  was  longer  than  for 
the  1400«C  sintered  workpieces  due  to  the  progress  of  graphitization.  However,  the  ceramic  content 

had  more  influence  on  lifetime,  and  the  lifetime  was  shorter  with  the  2050°C  sintered  workpiece  with 
30vol%  ceramic  content. 


The  cutting  speed  (V)  against  lifetime  (T)  for  the  cemented  carbide  insert  is  shown  in  Fig.  4. 
Here,  the  exponent  V  of  Taylor’s  formula  is  1,  which  means  the  life  of  the  insert  has  no  relation  to 

the  cutting  speed,  but  only  to  the  cutting  length.  From  this  result  it  is  clear  that  insert  wear  is  abrasive 
wear. 


We  also  cut  with  CBN  and  diamond  insert.  Both  inserts  had  a  much  longer  life  (over  20 
minutes  with  a  cutting  speed  of  120m/min)  than  cemented  carbide  insert.  Their  lives  were  too  long 

to  be  considered  in  this  test.  Feed  had  to  be  less  than  0-1  mm/rev  because  of  tearing  of  the 
machined  surface. 
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Fig. 3  Comparison  of  machinability  of  C-SiC-B.C  composite,  cutting  with  cemented 
carbide(KlO)  insert.  Cutting  conditions  :  V=30m/min,  d=1.0mm,  f=0.1mm/rev 


Fig. 4  Taylor’s  tool  live  diagram  of 
cemented  carbide(KlO)  insert,  cutting 
C-20vol#(SiC+B,C)  composite  sintered  at 
UOO'C  or  2050‘C. 

I  2  4  6  810 

Life  time  /  min 

Photo  1  shows  two  typical  wear  patterns  of  cemented  carbide.  Uniform  wear  was  found  after 
cutting  1400°C  sintered  workpieces.  In  contrast,  grooved  wear  at  the  minor  flank  and  boundary  wear 
at  the  major  flank  were  observed  in  2050°C  sintered  workpieces.  This  type  of  boundary  wear  is 
commonly  observed  in  the  cutting  of  tough  materials.  As  discussed  above,  an  increase  in  ceramic 
content  of  the  1400»C  workpiece  had  little  effect  on  tool  life,  but  an  increase  in  the  2050°C  workpiece 
dramatically  reduced  tool  life.  From  these  observations,  it  is  thought  that  only  the  coke  content 
sintered  at  1400°C,  with  essentially  no  ceramic  grain  sintering,  while  at  2050  C  the  ceramic  grains  also 

sintered  to  create  strong  bonding. 
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(a) 1400°C  (b) 2050°C 

Photo. 1  Wear  pattern  of  cemented  carbide  insert  after  cutting  C- 20vol^ (SiC+ ti, C) 
composite  sintered  at  (a)1400°C  or  (b)2Q50°C. 

IV  Conclusions 

1.  The  effect  of  sintering  temperature,  ceramic  content,  and  compaction  pressure  on  the 
properties  of  C-SiC-B^C  composite  is  evident. 

2.  C-SiC-B4C  composite  is  incombustible  in  an  air  atmosphere  because  of  a  thin  film  of 
Si02-Bz03  boron  silicated  glass  formes  on  the  surface. 

3.  Machining  of  C-SiC-B4C  is  possible  using  a  small  feed  and  cemented  carbide,  CBN  and 
diamond  inserts.  The  life  of  the  cemented  carbide  insert  decreases  with  the  increase  in 
ceramic  content,  but  it  is  not  related  to  cutting  speed. 

4.  The  effect  of  ceramic  content  on  machinability  with  cemented  carbide  is  more  evident  in 
2050°C  sintered  workpieces  than  with  1400°C  sintered  workpieces,  and  cutting  2500°C 
sintered  workpieces  gave  rise  to  grooved  wear  in  the  minor  flank. 
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The  grain-growth  behavior  and  mechanical  properties  were  investigated  in 
M2O3-3O  TiC  composite  according  to  the  sintering  temperature,  time  and  sche¬ 
dule.  An  earlier  productions  of  A 1 2^3”! i C  composite  were  made  by  hot-pressing 
because  of  the  existence  of  sintering  barrier  which  was  known  as  the  gas  forn- 
ation  between  AI2O3  and  TiC.  But  in  this  study,  above  reaction  was  inhibited 
by  embedding  powder  having  same  composition  with  the  specimen  in  Ar  atmosphe¬ 
re.  This  study  describes  the  grain-growth  behavior  and  mechanical  properties 
in  respect  of  average  grain  size  and  porosity  in  AI2O3-  30  TiC  system  being 
used  as  the  ceramic  cutting  tool.  All  the  sintered  AI2O3-3O  TiC  specimens 
being  more  than  96%  TD  could  be  fully  densified  by  hipping  at  1600t\  0.5  hr, 
1500  bar  in  Ar  atmosphere. 


1.  Introduction 

During  the  past  few  years,  ceramic  materials  have  been  used  as  the  cutti¬ 
ng  tool  because  of  the  high  wear  resistance  and  cutting  ability.  But  these 
ceramic  cutting  tools  intrinsically  have  the  weak  properties  in  toughness  and 
reliability.  Recently,  a  lot  of  research  have  been  focused  on  the  developme¬ 
nt  of  Si3N4~based  material,  CBN  and  particle  reinforced  composite  such  as 
A 1 203“T i C  materials  which  are  generally  used  as  the  cutting  tool  for  hard 

metal  cutting. 

All  commercial  Al203~TiC  cutting  tool  are  reportedly  produced  by  hot 
pressing,  but  these  materials  can  be  made  by  sin/hip  process  with  the  appeara¬ 
nce  of  easy  sinterable  A 1 2^3  powder  and  the  addition  of  sintering  additives. 
Although,  a  lot  of  reports  were  published  to  improve  the  sintering  and 
mechanical  properties  of  A 1 2^3“T i C  materials,  there  were  few  reports  concerni¬ 
ng  the  sintering  and  grain  growth  behavior  according  to  the  sintering  conditi¬ 
on.  This  study  investigated  the  sintering  behaviors  and  the  mechanical 
pooperties  of  AI2O3-3O  TiC  composite  being  generally  used  for  cutting  tool 
materials  according  to  the  sintering  temperature,  time  and  schedule. 

2.  Experimental  Method 

2.1  Raw  Materials 

Raw  materials  being  used  in  this  study  were  A 1 2^3  aade  by  Sumitomo  Co. 
grade  AES  1 1C  with  0.4/im  average  particle  size  and  TiC  made  by  Hermann  C. 
Strak  Co.  with  0.8  u  m  average  particle  size. 

2.2  Preparation  of  Specimen 

The  powders  for  specimen  were  mixed  at  a  ratio  of  (wt  %)  70  A 1 2^3 : ^0  TiC 
and  ball  milled  in  A1203  jar  with  methanol  for  24  hours. 
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The  mixed  slurry  was  dryed  and  uniaxial  ly  pressed  at  300  kg/  c«2  an(j 
uniaxi a  1 1  y  pressed  at  300  kg/cm2  and  isos  tat ical ly  pressed  at  2000  kg/cra2 . 

Sintering  was  conducted  in  graphite  furnace  using  graphite  crucible. 
Sample  was  embedded  with  powders  having  the  same  composition  with  sample  and 
sintered  in  Ar  atmosphere  (2^/min) .  In  this  study  the  weight-  loss  was 
observed  less  than  1  wtX.  Such  a  small  weight  loss  was  highly  effective  on 
densif ication  of  Al203~30  ‘TiC  system.  The  sintered  specimen  was  cut  and 
polished  with  diamond  paste  and  etched  in  hydrogen  atmosphere.  The  average 
grain  size  was  measured  with  image  analyzer  (KIT  500,  PIAS)  in  terms  of 
Heywood  diameter 


3.  Results  and  Discussion 

3.1  Sintering  Behavior  and  Grain  Size 


Table  1.  represents  the  whole  sintering  conditions  and  results. 


Table  1.  Sintering  Conditions  and  results 


EXP. 

No. 

Sin. 

Temp 

OC) 

Holding 

Time 

(min) 

Heating 
Schedule 
(  *C/min) 

** 

Average 
Density 
(g/  cm3) 

Hardness 

(kg/mm2) 

Toughness 

(MPaM-l/2) 

.b'Va. 

Grain 
Size 
( u  m) 

AT  1 

1750 

5 

20  Tl/ain 

3.75 

wmm 

0.96 

AT  2 

1800 

n 

II 

3.88 

ISatTTl^B 

3.29 

1.10 

AT  3 

1850 

n 

If 

4.06 

BtyTH 

2.89 

1.39 

AT  4 

1900 

n 

If 

4.16 

1750 

2.71 

1.59 

AT  5 

1950 

» 

It 

4.18 

1740 

2.63 

3.55 

AT  6 

1850 

0 

I) 

3.94 

1400 

3.12 

/l. 14 

AT  7 

it 

30 

If 

4.15 

1760 

2.66 

1.65 

AT  8 

// 

60 

It 

4.15 

1800 

2.54 

1.74 

AT  9 

it 

120 

It 

4.17 

1780 

2.54 

1.88 

AT10 

tt 

240 

II 

±± 

4.17 

1770 

2.63 

1.89 

AT11 

n 

5 

40  *G/min 

4.10 

1680 

2.81 

1.50 

ATI  2 

11 

// 

10  *C/min 

4.04 

1590 

2.86 

1.56 

AT13 

11 

// 

5  *C/min 

4.02 

1450 

2.90 

1.71 

*  Density  was  measured  in  water  immersion  method 
**  For  AT  11,  AT  12,  AT  13,  the  indicated  heating  schedules  are  from 
1100*0  to  1850*0  and  the  heating  schedules  for  less  than  1100  *C  is  20*O/min 
Heywood  diameter,  evaluated  by  Image  Analyzer 

Fig.  1  shows  the  density  variation  and  grain  size  according  to  the 
sintering  temperature.  Generally,  A 1 2^3 ”T i C  composite  was  known  as  the  diffcu- 
lt  material  to  densify  only  with  increasing  the  sintering  temperature  as  the 

the  TiC  contents  increase  up  to  30  wt%. (2) 

But,  in  this  study,  a  group  of  samples  with  99%  TD  density  (true  density 
was  evaluated  from  lever  rule  of  mixture)  were  obtained.  However,  it  was 
unreasorable  to  densify  above  1950  *C  because  of  the  vaporization  of  AI2O3 

from  the  surface  of  specimen. 
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Grain 

Size 

C/zm) 


Fig.  1.  Relative  density  and  average  grain  size  of  Al203-TiC  composite 
according  to  sintering  temperature  (Table  1.  ATI  ~~  AT5) 

On  the  other  hand,  the  coarsening  rate  of  alumina  grain  was  significantly 
higher  above  1900  V  for  the  same  temperature  gradient.  Many  explanations 
for  the  grain-growth  inhibiting  effect  of  TiC  in  A 1 2*^3-T i C  composite  were 
based  on  the  dragging  effect  of  secondary  particle,  TiC.  Therefore,  if  the 
phenomena  of  congregation  of  TiC  particles  occur  during  sintering,  there  will 
be  reduction  of  dragging  effect  of  alumina  grainboundary  and  higher  grain 
growth  results.  Fig.  3  shows  the  above  phenomena  of  congregation  of  TiC 
particles. 


(a)  1900  13,  5  min  (X  500)  (b)  1950  1C ,  5  min  (X  500) 

Fig.  3.  Optical  microstructure  of  A 1 2^*3 ”T i C  according  to  the  sintering 
temperature.  The  average  grain  size  is  (a)  1.6  u  a  (b)  3.5  u  » 

Fig.  4  shows  the  grain  size  variation  according  to  the  sintering  time. 
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Fig.  4.  Density  and  grain  size  of  sintered  A 1 2^ 3 “T i C  according  to  the 
sintering  time  at  1850^  (Table  1,  ATG^ATIO) 

The  time  dependence  of  grain  growth  could  be  described  as  following  relation 
ship. 

{G(T)}“  -  {G  (0)  }n  =  kit - - -  (1) 

G(t)  :  Average  grain  size  at  time  t. 

ki  :  Temperature  dependent  growth-rate  constant 
G(0)  :  Initial  grain  size 

Generally,  the  value  of  n  was  known  as  2  ^  3^  for  the  pure  alumina 
grain  growth,  however  the  value  of  n  was  estimated  approx imatelyas  10  in 
AI2O3-3O  TiC.  This  higher  value  could  be  considered  as  the  result  of 

inhibition  of  alumina  grain  growth  by  secondary  TiC  particle.  (?) 

The  grain-growth  of  the  A 1 203"T i C  composite  was  also  dependent  on  the 
sintering  schedule  (Fig. 5). The  higher  heating  rate,  the  higher  density  and  the 
smaller  grain  size  results. 


Fig.  5.  Density  and  grain  size  variation  at  1850 "C  5  min,  according  to 
sintering  schedule. 

This  experimental  result  could  be  explained  in  terms  of  evolution  of  gas 
phase  reaction  products  between  AI2O3  and  TiC.  As  the  heating  rate  increase, 
the  gas  reactions  are  suppressed  and  the  higher  density  and  smaller  grain  size 
can  be  obtained.  Lee  and  Borom (3) reported  that  the  gas  phase  was  the  A 1 20 
and  CO  gas  and  developed  around  the  TiC  particle  and  remained  as  the  pore 
shown  in  Fig.  6. 
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(a)  polished  section  (X  5,000)  (b)  etched  section  (X-10,000) 

Fig.  6.  SEM  of  polished  and  etched  A 1 2O3-3O  TiC  composite 
(rather  white  parts  are  TiC) 


3.3  Mechanical  Properties. 

The  mechanical  properties  were  evaluated  using  by  vicker’s  indenter. 
Hardness  and  toughness  were  directly  dependent  on  the  degree  of  densif ication 
Fig.  8  shows  the  hardness  and  toughness  variation  according  to  the 
sintering  temperature,  tine  and  schedule. 


(a)  sintering  temperature  (ATI  ~~  AT5) 


(b)  sintering  time  (AT6  ~~  AT10) 


2.91 


Fig.  8.  HV  and  KiC  variations  according  to  the  sintering  conditons. 


For  the  specimens  having  been  densified  more  than  97%  TD,  the  hardness 
Value  were  not  changed  but  the  toughness  va 1 ue (KiC) were  decreased  as  the  grain 
size  of  the  sample  increased.  This  toughness  decrease  can  be  considered  as 

the  reduction  of  the  effect  of  crack  deflection  as  the  grain  size  increase^) 
The  congregation  of  the  secondary  TiC  particles,  which  were  shown  on  Fig  3 
also  reduce  the  effect  of  crack  deflection. 

*!IJt[,e  speciemns,  which  were  densified  more  than  96%  TD, 
densified  by  hipping  at  160019.  30  min,  1500  bar  Ar  atmosphere. 
ig.  9.  represents  the  fully  densified  specimen  by  hipping. 


cou Id  be  fully 


there  were  no 
men . 


-  ; - !■  ikk  1115.  After  hipping, 

great  change  in  grain  size  comparing  to  that  of  sintered  speci- 


Fig.  9. 


1  .  99P 


SEM  of  polished  section  of  Al2'03-30  TiC  after  hipping 
(rather  white  is  TiC) 


4.  Conclusion 


00*  densiflcation  of  AI2O3-3O  TiC  composite  could  be  obtained  up  to 

ff  a  H*??  lncreaslng  the  temperature  in  Ar  atmosphere  with  powder  bed  meth¬ 
od.  And  the  resultant  weight  loss  was  less  than  1  vt%. 

*  p 'Comparing  to  the  grain  size  of  sintered  sample  at  190010  the  *rain 
size  of  the  sintered  sample  at  1950  V  was  very  large.  This  grain’growth  can 
e  considered  as  the  results  of  congregation  of  secondary  TiC  particles 
(3)  Ihe  dependence  of  the  average  grain  size  on  sintering  time  was 
represented  as  the  kinetic  relationship,  and  the  value  of  n  was  approximately 

nnc™a^-  the  h!gher  sintering  density  obtained 
ntered  AI2O3  20  TiC  composites  whose  density  were  greater 

Til  U/M4  A  Pl.ll..  J _ fl??  I  I  ■  >  a, 


(4) 

(5) 


than  96%  TD  were  ful  ly  densified  by  hipping. 

(6)  In  A 1 2O3-3O  TiC  system,  the  hardness  and  toughness  (Krr)  were  direc¬ 
ts  wer^greater  th*r<m‘ rnBUt  th?  hardness  °f  sintered  specimens  whose  dens- 
liy  were  greater  than  97%  TD  was  less  dependent  on  grain  size  than  touehne<?<s 

(>  97*  nu  th* ■«">  Wness 
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Sintering  Behavior  and  a /  3  Transformation  of 
Si^N^  in  Si^N^  -  ZrO^  Composite 

Chong  Hee  Kim  ,  Jae  Ryong  Kim  and  Chae  Hyun  Lee 

Department  of  Materials  Science  and  Engineering 
Korea  Advanced  Institute  of  Science  and  Technology 
P.0.  Box  131,  Cheongryang,  Seoul  130-650,  Korea 

In  Si^N^  "  Zr02  comPosite>  the  effects  of  zirconia  and  dissolved  in 

zyttrite  on  the  densi f ication  and  the  a /  B  phase  transformation  of  Si^N^  were 
studied  by  using  hot-pressing  of  Si^N^  with  the  addition  of  pure,  3,6,  and  8 
xnol%  Y^0«-doped  zirconia*  The  addition  of  pure  zirconia  was  not  effective  to 
obtain  tne  full  density  of  Si^N^  -  ZrO^  composite,  but  almost  all  a /  B  phase 
transformation  of  Si~N  occurred  through  Si-N-0  phase  which  was  the  reaction 
phase  between  Si-N^  ana  ^rO^.  On  the  other  hana ,  Y-0^  in  zyttrite  promoted  the 

densification  of  composite  by  diffusing  from  the  zyttrite;  the  added  zirconia 
itself  did  not  contribute  to  densifying  the  composite,  but  nearly  full  density  ( 
>97%)  could  be  obtained  in  Si^N^  with  5  vol%  of  6  and  8  mol%  Y  0^-doped  zirconia. 

Densities  of  Si^N^  with  3  mol%  Y^O^-doped  zirconia  composite  could  not  exceed 
80  %  of  theoretical,  even  though  much  zirconia  was  added.  From  EDS  analysis  in 
AEM,  it  is  suggested  that  the  formation  of  Y  -  Zr  -  Si  oxynitride  glass  in  grain 
boundary  occur  local  equilibrium  and  restrict  the  diffusion  of  Y^O^  in 
zyttrite. 


1.  Introduction 

Silicon  nitride  is  a  well  known  candidate  material  for  heat  engine  and 
cutting  tools,  because  of  its  good  thermal  shock  resistance,  high  temperature 
strength  and  oxidation  resistance.  Generally,  a  dense  silicon  nitride  body  is 
fabricated  by  pressureless  sintering,  hot-pressing  or  hot  isostatic  pressing 
process  with  the  addition  of  sintering  aids, such  as  MgO,  Y20^,  CeO^  etc.  Also,  it 
has  been  reported  that  the  dispersion  of  ZrO^  is  effective  on  toughening  other 
ceramic  matrix,  because  of  its  useful  tetragonal  -  monoclinic  ZrO^  P^ase 
transformation.  Since  1975,  several  researchers  have  studied  of  hot-pressed 
Si^N^  with  the  addition  of  monoc linic-zirconia  or  zyttri te(y ttria  stabilized 
zirconia) [ 1-9] .  These  Si^N^  -  comPosites  were  shown  to  be  superior  to  hot- 

pressed  Si^N^  with  MgO  with  regard  to  room  and  high  temperature  strength, 
oxidation  resistance  and  cutting  capab ility [ 6-8 ] .  And  it  was  reported  that 
toughness  could  be  increased  by  compressive  surface  stress  resulting  from  the 
oxidation  of  Si^N^  -  ZrO^  compos ite [ 4 ] . 

But  previous  workers  were  primarily  concerned  about  the  beneficial  effects 
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of  added  zirconia  on  the  properties  of  Si^N^  ceramics,  therefore,  it  has  been 
little  known  about  the  details  of  the  role  of  zirconia  in  the  densif ication 
and  the  a /$  phase  transformation  of  Si^N^[4-10].  Moreover,  the  behavior  of  ^2^3 
dissolved  in  zyttrite  has  almost  been  neglected  in  Si^N^  -  zyttrite  composite. 

In  the  present  work,  the  effects  of  Zr02  and  dissolved  in  zyttrite  on 

the  densificaton  and  the  0/ 0  phase  transformation  of  Si^N^  were  studied  by  using 
pure,  3,6,  and  8  mol  %  Y20^-doped  zirconia  powder  without  any  other  sintering 
aids.  In  order  to  observe  the  diffusion  behavior  of  in  zyttrite,  EDS  work  in 

AEM  (Analytical  Electron  Microscope)  was  performed. 

2.  Experimental  procedure 

: k  o 

The  commercially  available  Si^N^  powder  and  0,  3,  6,  8  mol  %  Y^O^-doped 

zirconia* (denoted  0Y,  3Y,  6Y,  and  8Y,  respectively)  powders  were  used  to  prepare 
the  mixtures  of  Si^  and  5,  10,  15,  20,  and  30  vol  %  of  various  zirconia.  The 
mixtures  were  centrif ugally  mixed  in  acetone  for  2  h  using  zirconia  balls  and 
jar&.  For  increased  uniformity  of  mixing,  these  mixtures  were  again 
vibratively  mixed  for  10  min  in  teflon  coated  container  with  zirconia  balls,  and 
then  dried  in  oven. 

The  dried  mixtures  screened  to  -  60  mesh  were  hot-prssed  in  a  tungsten  mesh 

heater  furnace  using  BN  coated  graphite  die  (2cm  in  ID).  One  atm  atmosphere 

was  maintained  during  hot-prssing,  which  was  done  at  1750°C  and  35MPa. 

Microst rue tural  characterization  of  the  composites  was  made  by  scanning 

electron  microscope ( SEM)  ,  and  phase  identification  was  performed  by  x-ray 

++  && 

diffraction  (XRD)  .  EDS  work  in  AEM  was  performed  to  determine  the 

content  in  zyttrite.  The  electron  transparent  specimen  for  AEM  was  obtained  by 

&&&  .  . 
argon  ion  bombardment  technique  .  The  specimen  was  thinned  from  both  side  with 

the  incident  beam  angle  of  15°  at  an  average  voltage  of  5  KV .  Densities  of  hot- 

pressed  bodies  were  determined  by  Archimedes  method,  and  theoretical  density  was 

calculated  by  the  rule  of  mixture. 

*  LC-12,  H.C.  Starck,  Berlin,  FRG ;  max  0.7  um  particle 
size,  ratio  of  a  to  3  is  94  to  3,  and  contained  less  than  0.1 
wt  %  free  Si. 

+  TZ-0  and  TZ-3Y,6Y,8Y,  respectively,  Toyo  Soda  Co., 

Tokyo, Japan;  160  -  250  A  cryt.  size. 

&  Pulverisette  6,  Fritsch,  FRG. 

$  Spex  8000  mixer/mill,  Edison,  N.J.,  USA. 

**  Model  60  series,  Centorr  Associate,  Inc.,  Suncook, 

N.H. , USA. 

***  ETEC  Autoscan,  co.,  Hayward,  CA. 

++  Rigaku,  Japan. 

&&  Model  200CX,  Jeol,  Tokyo,  Japan. 

&&&  MIM,  Technics  Inc.,  USA. 
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3*  Results  and  discussion 


3.1.  Effect  of  Added  Zirconia  on  the  Densificaton 

Pure  Si„N,  and  the  mixtures  of  Si~N.  and  5  vol  %  of  OY ,  3Y ,  6Y ,  and  8Y  ZrO 
3  4  d  4  z 

were  hot-pressed  to  investigate  the  effect  of  zirconia  on  the  densi f ication . 

Fig.  1  shows  the  final  densities  obtained.  The  additions  of  only  5  vol  %  of  6Y 

and  8Y  ZrC>2  increased  density  upto  97%  and  99%  of  theoretical  Respectively. 

However,  the  density  of  pure  Si^N^  was  low  (57%),  which  shows  substantial 

dens  if ication  did  not  take  place  during  hot-pressing  of  pure  Si^N^.  The  density 

of  Si^N^  with  5  vol  %  of  OY  Zr02  was  higher(71%)  than  that  of  pure  Si^,  but  'hot 

dense  enough.  From  these  results,  it  can  be  assumed  that  Y^^  zyttr^te  Piayed 

the  dominant  role  in  densif ication  rather  than  Zr02  phase. 

Figure  2  shows  the  density  variations  of  hot-pressed  Si^N^  -  zyttrite 

composite  with  the  amount  of  added  3Y ,  6Y ,  and  8Y  zirconia.  Si^N^  with  6Y  and  8Y 

Zr02  show  high  densitiesC  >97%)  regardless  of  the  amount  of  added  zyttrite,  but 

the  densities  of  Si0N,  with  3Y  ZrOn  can  not  exceed  80  %  of  theoretical  to  even 

3  4  2 

the  range  of  20  vol  %  of  zyttrite  addition.  These  results  support  the  fact  that 
the  densif ication  of  these  composites  are  mainly  affected  by  the  contents  of 
Y  03  in  zyttrite.  According  to  Fick's  1st  law,  the  total  amount  of  Y^^ 


Fig.l.  Relative  density  of  hot-pressed 
SijN^  with  5  vol  %  of  various  Zr02  and 
hot-pressed  pure  Si^N^. 


Fig. 2.  Relative  density  variations 
of  hot-pressed  Si^N^  with  3Y ,  6Y , 
and  8Y  ZrO  composite  with  the 
amount  of  added  Zr0o. 
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diffusing  out  from  zyttrite  depends  on  the  AC  (concentration  gradient)  and 
temperature.  Therefore,  significant  dens i f icat ion  could  not  sufficiently  proceed 
when  3Y  ZrO^  was  added  to  Si^N^,  because  A C  of  3Y  ZrO^  was  l°wer  than  that  of 
6Y  and  8Y  ZrO^.  So,  it  is  believed  that  Y^O^  diffusing  from  zyttrite  promoted  the 
densif icat ion  of  Si^N^  -  zyttrite  composite,  when  zyttrite  having  more  than  6  mol 
%  of  Y2°3  content  was  added.  But  the  density  variations  with  the  amount  of  added 
3Y  ZrO^  could  not  be  simply  explained  as  described  above,  because  Si^N^  and 
zyttrite  system  involve  various  chemical  reaction  processes.  This  will  be 
discussed  in  detail  in  later  section. 


3.2:  Microstructure 


Figure  3  shows  the  fracture  surface  of  hot-pressed  pure  Si^N^  (a),  Si^N^-5 
vo 1 %  of  3Y(b),  6Y(c ) ,  8Y(d)  ZrO^  specimens.  Microstructure  of  hot-pressed  pure 
Si^N^  was  composed  of  the  agglomerates  of  equi-axied  a-Si^N^  grains.  In  Si^N^- 
zyttrite  composites,  more  dense  microstructures  were  evolved  with  the  increased 


content  of  Y^O^  added  zyttrite,  and  elongated  3-Si^N^  grains  appeared  (arrow 
markings  in  Fig. 3  (c)  and  (d)  indicate  the  intergranular  fracture  sites  of 
elongated  3-Si^N^  grains).  Zirconia  particles  located  at  grain  boundaries  and  in 
grains  can  be  seen  in  Fig. 4. 

3.3.  Phase  Identification 

In  order  to  evaluate  the  role  of  the  zirconia  on  the  a  /  g  phase 

transformation  of  Si~N  ,  X-ray  diffraction  analysis  was  performed.  Significant 

^  s$ 

a  /Bratio  change  could  not  be  detected  in  hot-pressed  pure.  Si  N  compared  with 

$$$  ^  ^ 

starting  powder  ( Fig.  5(a)  ,  (b) ) .  But  in  Si^N^  -  OY  ZrO^  composite,  most  of*  ot 

phase  had  transformed  to  £  phase,  and  ZrO^,  Si^N^O  (silicon  oxynitride)  peaks 

were  detected  together (Fig . 5  (c)).  Zirconia  existing  in  this  composite  was  found 

to  be  a  mixture  of  monoclinic  and  cubic  phases.  For  this  cubic  phase,  "  Nitride 

Stabilized  Cubic  Zirconia" [ 10 ) ,  or  in  other  terms  "Zirconium  Oxynitride  (  ZrO^ 

2x^4x/3  :  0* 25 <  X<  0. 43 ) " [4 , 11]  has  already  been  reported. 

In  Si^N^  -  OY  ZrO^  composite,  ZrO^  phase  seems  to  be  concerned  with  the 

formation  of  Si^N^O  phase,  and  the  a /&  phase  transformation  of  Si^N^  also  seems 

to  be  caused  by  this  Si^N^O  phase.  If  cubic  ziconia  in  Si^N^  is  present  in  the 

form  of  zirconiupi  oxynitride  as  early  repor te d [ 4 , 10 ] ,  the  formation  of  silicon 

oxynitride  can  be  considered  as  follow. 


Fig. 4.  Scanning  electron  micrograph  of  the  etched  surface  of 
Si  N,  -  10  vo 1  %  of  8Y  ZrO  (  t  and  p  marking  indicate  zirconia 
in  Si^N^  grains  and  grain  boundary,  respectively). 


$$  3  fraction  was  determined  by  comparing  the  intensities  of  a(210)  and  3  (210) 
diffraction  peaks,  in  a  manner  described  by  Gazzara[12].  In  this  case,  3  fraction 
was  0 . 203 

$$$  3  fraction  was  0.044,  calculated  by  Gazzara  methodll2J. 


163 


A  SiA  *  B  ZrOj  -  C  Zr02_2As/4  *  D  Si^O  —  -1) 

where,  A,B,C,D:  const. 


joxygen  atoms  in  ZrO^  are  substituted  by  nitrogen  atoms  in  Si^N^,  and  silicon 
oxynitride  phase  can  be  formed.  The  formation  of  Si^^O  phase  was  also  reported 
by  Terao[9]  and  Gauckler  [  14 ]  ,  and  Terao  showed  that  phase  content 

increased  with  the  amount  of  added  ZrO^  hot’ isos tatically  pressed  Si^N^. 

It  is  conceivable  that  the  density  of  Si^N ^  with  OY  ZrO^  compared  with  that 
of  the  hot-pressed  pure  Si^N^,  is  increased  by  si2N2°  Phase>  but  yet  far  from 
full  density.  The  a/  3  phase  transformation  of  Si^N,  is  known  to  be  reconstructive 

9  f 


Fig. 5.  XRD  patterns  of  (a)  as  received 
Si^N,  powder,  (b)  hot-pressed  pure  Si^N^, 
(c;  not-pressed  Si^N^  with  5  vol%  of  pure 
zirconia  composite,  and  (d)  hot-pressed 
Si^N^  with  5  vol  %  of  6  mol  %  Y  O^-doped 
zirconia  composite(  Aia-Si^N^,  B:0-Si^N^, 
O^i^N^O,  Zrcubic  or  tetragonal  zirconia, 
M:monoclinic  zirconia  peaks). 


Fig. 6.  Diffusion  model  in  Si^N,  - 
zyttrite  composite,  (a)  Y20^  diffu¬ 
sing  from  zyttrite  forms  a  liquid 
phase  and  (b)  oxynitride  phase  in 
grain  boundary  is  acted  as  a  immobi 
lized  substance  for  Y  0  dissolved 
in  zyttrite.  L 
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and  catalyzed  by  the  existance  of  small  amount  of  liquid  phase.  But  the 

densif icat ion  is  another  problem  and  do  not  always  accompany  the  phase 

transformation[ 13 ] .  The  Si^N^O  phase,  being  probably  a  liquid  at  the  hot  pressing 

temperature,  influenced  the  phase  transformation  rather  than  the  densi f icat ion  of 

Si 0N.  . 

3  4 

XRD  pattern  of  Si^N^  with  3Y  ZrO^  is  composed  of  cubic  or  te tragona 1 -ZrO^ , 
g-Si^N^  and  Si^N^O  peaks(Fig. 5, (d)) .  The  XRD  patterns  of  Si^N^  with  6Y  and  8Y 
Zr02  were  similar  to  those  of  Si^N^  with  3Y  ZrO^. 

3.4.  Diffusion  Behavior  of  Y2°3 

In  diffusion  process,  if  the  reaction  by  which  the  immobilized  reactant  is 
formed  proceeds  rapidly  compared  with  the  diffusion  process,  local  equilibrium 
may  exist  between  the  free  and  immobilized  components  of  the  diffusing 
subs tance [ 15 ] .  In  this  case,  the  concentration  S  of  immobilized  substance  is 
proportional  to  the  concentration  C  of  substance  free  to  diffuse.  This  can  be 
simply  expressed  as  follow; 

S  =  R'C  2)  where,  R:const. 

In  this  view  point,  it  can  be  considered  that  local  equilibrium  can  exist  between 
zyttrite  and  Si^N^  matrix  by  the  formation  of  oxynitride  grain  boundary  phase 
during  the  sintering  of  Si^N^-zy ttr i te  composite,  i.e.  ^2^3  from  the 

zyttrite  forms  an  oxynitride  phase  in  grain  boundary,  and  diffusion  of  Y2°3 
restricted  by  oxynitride  phase  as  shown  in  Fig. 6.  The  results  of  the  EDS 

f 

Table  1.  Yttrium  Content  in  Zyttrite  Measured  by  EDS  Analysis  in 
AEM. 

(wt%) 


Sample  Name 

Theoretical 

Value 

Measured 

Value 

As  Received 

3Y  ZrO 

5.4 

4. 9±0. 6 

Powder 

6Y  ZvOj 

10.2 

10.2*0.6 

8Y  ZrO^ 

13.7 

13.9*0.8 

Hot-Pressed 

Si  N  -6Y* 

8 . 5±0 . 8 

Si^N?-8Y* 

3  4 

- 

8. 3+0. 6 

*  amount  of  added  zyttrite  is  10  vol  %. 
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analysis  of  zyttrite  phase  in  Si^  -  6Y  and  8Y  zyttrite  composite  show  that  the 
same  concentrations  of  are  remained (Tab le  1);  as-received  powders  were  also 
analyzed  to  determine  the  accuracy  of  this  analysis.  The  concentration  of  yttrium 
dissolved  in  Si^  matrix  is  very  low,  and  the  grain  boundary  phase  is  composed 
of  Y,  Zr,  and  Si  element (Fig. 7  and  Table  2).  This  grain  boundary  phase  is  thought 
to  be  Y  -  Zr  -  Si  oxynitride.  The  concentration  of  yttrium  in  grain  boundary 
phase  is  about  9.6  wt%.  This  value  is  similar  to  the  concentration  of  Y^O^ 
remained  in  6Y  and  8Y  zyttrite  (Table  1)  and  is  higher  than  that  of  Y  C>3  existing 
in  3Y  zyttrite.  On  the  basis  of  these  results,  it  is  suggested  that  the  formation 
of  Y  -  Zr  -  Si  oxynitride  existing  as  a  grain  boundary  phase  bring  local 
equilibrium  and  restrict  the  diffusion  of  Y  03  from  zyttrite.  As  a  result,  '*  it 
seems  that  the  density  of  Si^N^-3Y  ZrO^  composite  could  not  increase  by  even  much 
additions  of  3Y  ZrO^. 


Tabel  2.  EDS  Analysis  of  Si^N^-13  vol%  of  8Y  ZrO^ 
Composite. 


(wt%) 


Element 

Point# 

Si 

Zr 

Y 

A 

101.38 

B 

6.4 

83.6 

9.6 

C 

53.9 

36.5 

9.6 

#  corresponding  in  Fig. 7. 


Fig. 7.  Transmission  electron 
ZrO^((b)  is  magnified  image  of 
the  EDS  analysis  point). 


image  of  Si  N.  “  15  vol%  of  8Y 
(a)  and  A,  B,  C  in  (b)  indicate 
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3.5  Y  -  Zr  -  Si  Oxynitride 


In  Si^N^  -  5  vol%  of  6Y  ZrC>2  composite,  0.93  wt%  Y2°3  was  totaHy  involved. 

Among  these,  the  amount  of  related  to  densif ication  was  about  0.2  wt%;  this 

value  was  obtained  by  the  EDS  analysis  as  shown  in  Table  1,  assuming  that  the 

concentration  of  remained  in  zyttrite  is  constant  regardless  of  the  amount 

of  added  zyttrite.  So,  in  order  to  observe  the  effect  of  Z r 0^  with  Y^O^  on  the 

dens  if ication,  following  experiments  were  performed.  0.2-1. 5  wt%  of  Y^O^  was 

added  to  Si~N.  in  the  form  of  yttrium  nitrate.  And  5  vol%  of  0Y  Zr0o  was  also 
3  4  l 

added  to  these  mixtures,  respectively.  These  mixtures  were  hot-pressed  after 
calcining  at  700°C  for  2h  under  atmosphere.  When  only  Y^O^  was  added,  density 
changed  from  90.6  to  96.6  %  of  theoretical  with  the  amount  of  added  Y^0^(Table 
3).  In  the  case  of  the  addition  of  ZrO^  and  Y^O^,  all  densities  increased  above 
97%  of  theoretical  as  like  Si^N^  -  5  vol%  of  6Y  Zr02.  Therfore,  although  full 
density  could  not  be  obtained  by  the  only  addition  of  ZrO^,  it  is  suggested  that 
ZrO^  act  as  an  important  role  in  the  formation  of  Y  -  Zr  -  Si  oxynitride 
resulting  in  increase  the  density  of  Si^N^  -  zyttrite  composite. 

Table  3.  Relative  Density  of  Si^N,  with  the  Addition  of 
Y203  (and  Zr02). 


Addition  Density 


Addition 


Density 


CM 

o 

wt% 

y2°3 

90.6  % 

0.2 

wt% 

Y2°3 

5 

vo  1% 

0Y 

Zr02 

97.9 

0.5 

wt% 

Y2°3 

91.6  % 

0.5 

wt% 

Y2°3 

+ 

5 

vol% 

0Y 

Zr02 

97.1 

1.0 

wt% 

Y2°3 

95.3  % 

1.0 

w  t  % 

Y2°3 

+ 

5 

vol% 

0Y 

Zr02 

97.1 

1.5 

wt% 

Y2°3 

96.6  % 

1.5 

w  t  % 

Y2°3 

+ 

5 

vo  1% 

0Y 

Zr02 

98.2 

Summary 

1.  The  addition  of  pure  Zr02  was  not  effective  to  obtain  full  density  of  Si^  - 
Zr02  composite,  but  most  of  a-Si^N^  phase  was  transformed  to  fJ-Si^N^,  accompaning 
the  formation  of  phase. 
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2.  In  Si^N^  -  zyttrite  composite,  nearly  full  density  (97%)  could  be  obtained 
by  the  addition  of  5  vol  %  of  6Y  or  8Y  ZrO^,  but  t^e  densif ication  was  not 
sufficient  in  the  case  of  the  addition  of  3Y  ZrO^.  From  these  results,  it  is 
suggested  that  Y^O^  diffusing  from  the  added  zyttrite  promote  the  dens  if ication 
of  Si^N^  -  zyttrite  composite,  and  the  densif  ication  depend  on  the  content  of 

Y2°3  zyttrite* 

3.  On  the  basis  of  EDS  analysis  in  AEM,  it  is  suggested  that  the  formation  of  Y  - 
Zr  -  Si  oxynitride  glass  in  grain  boundary  bring  local  equilibrium  and  restrict 
the  diffusion  of  in  zyttrite. 
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PROPERTIES  OF  Al2C>3-15v/oZr02  (+3m/oY203)  CERAMICS  PREPARED 
BY  A  PRECIPITATION  METHOD 


Hong  Lim  Lee  and  Gi  Gon  Hong 

Department  of  Ceramic  Engineering,  Yonsei  University,  134  Shinchon-Dong , 
Seodaemoon-Ku ,  Seoul  120-749,  Korea 


Very  fine  alpha-alumina  and  alumina-zirconia  powders  with  a 
narrow  particle  size  distribution  were  prepared  by  a  precipitation 
method  using  Al  (SO  )  .18H  O,  ZrOCl  .8H  O  and  YC1  .6H  O  as  the  starting 
materials.  Alpha-alumina  was  prepared  By  calcining  aluminum  hydroxides 
which  were  formed  through  hydrolysis  under  various  PH  values.  Zr02 
(+3m/oY9OJ  pooler  was  prepared  by  a  coprecipitation  techinique  from 
ZrOCl 2  .8KIO  and  YC13-6H  O.  Al  O  -15v/oZr02  (3+m/oY^)  ceramics  was 
prepared  By  a  mechanical  mixing  of  these  two  powders  and  also  by  a 
coprecipitation  technique  from  the  three  chemicals.  The  sinterability 
and  mechanical  properties  of  the  former  was  observed  to  be  superior  to 
the  latter.  The  addition  of  0.03  wt%  MgO  to  the  prepared  alumina- 
zirconia  enhanced  the  sinterability  of  the  ceramics. 


1 .  Introduction 

Powder  preparation  techniques  are  broadly  categorized  according 
to  whether  they  involve  solutions,  vapor  phases,  or  the  solid-state 
decomposition  of  salts.  For  the  solution  techniques,  there  are 
subcategories  according  to  how  the  solvents  are  removed  ( 1  )  . 

Precipitation  technique  is  generally  known  as  a  method  by  which 
numerous  ceramic  powders  can  be  prepared  easily  and  cheaply. 

In  this  study,  therefore,,  a  precipitation  technique  was  adapted  for 
the  preparation  of  pure  and  fine  alpha-alumina  and  alumina-zirconia 
(+3m/o  yttria)  powders,  using  the  aluminum  sulfate,  zirconium  oxy¬ 
chloride  and  yttrium  chloride  as  the  starting  meterials. 

The  powder  characterization  and  mechanical  properties  of  the 
Al203-15v/oZr02(+3m/oY203)  ceramics  prepared  through  the  precipita¬ 
tion  technique  were  studied. 

2.  Experimental  Procedure 
2 . 1  Alumina 

A12(S04)3.  18H20  was  hydrolyzed  in  water  with  various  pH  values 
using  an  ammonia-water (2 8wt%  NH3)  to  precipitate  aluminum  hydroxides. 

The  obtained  aluminum  hydroxides  were  dried  at  100°C  for  24  hours 
before  characterized  and  heat-treated  to  prepare  alpha-alumina  via 
transition  aluminas. 
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Table,  j  Phase  Change  of  Precipitated  Materials 
(hydrated  aluminas)  as  a  Function  of  pH. 


pH 

Hydrated  aluminas 

5 

Amorphous 

6 

Amorphous 

7 

Amorphous 

8 

Pseudo  -  boehmtie 

9 

Pseudo  -  boehmile 

10 

Ps eudo  -  boehmite ,  Nordstrandiic ,  Baycritc, 
Gibbsite  ,  Hydragillite  . 

11 

Nordstrandite ,  Bayerite,  Gibbsite, 

Hydragillite  . 

Table  2.  The  Relative  Density  of  Green  Body 
as  a  Function  of  pH. 


PH 

Relative  Density  (%) 

Green  Body  Undoped 

with  MgO 

IB 

41  42 

41  54 

D 

41  57 

■a 

3&  26 

Green  Body  Doped 

with  0.  03  wt  % 

MgO 

7 

42  67 

9 

41  67 

10 

44.  80 

11 

3a  52 

2.2  Alumina-Zirconia  System 

ZrO2(+3m/oY203)  powder  was  prepared  by  coprecipitating  ZrOC^. 
8H20  and  YC13.6H20  with  an  ammonia  water (28wt%  NH^)  before  washing 
the  precipitate  and  calcining  it  at  600°C. 

A^2°3_^^v^oZr^2 (+^m/°Y2°3^  cer^mics  was  prepared  by  two  kinds 
of  technique.  One  is  the  mechanical  mixing  of  the  alpha-alumina 
and  zirconia (+3m/o  yttria)  powders,  which  were  separately  prepared 
by  a  precipitation  technique  (we  call  it  Series  A) .  The  other  is 
a  coprecipitation  technique,  by  which  three  chemicals,  Al^SO^. 
18H20,  Zr0Cl2.8H20  and  YC13.6H20  were  precipitated  together  with 
the  ammonia  water  before  washing  the  precipitate  and  calcining  it 
(we  call  it  Series  B) . 

3.  Results  and  Discussion 

3.1  Aluminum  Hydroxides 

In  Table  1  are  presented  the  phases  of  aluminum  hydroxides 
as  a  function  of  pH  value.  The  specific  surface  areas  of  the 
hydroxides  are  given  in  Table  2.  The  phase  changes  from  A100H  to 
A1  (OH)^  type  hydroxides  as  pH  value  increases.  But  the  specific 
surface  area  decreases  as  the  pH  value  increases. 

3.2  Alumina  Powder 

The  specific  surface  area  changes  of  alumina  powder  on 
heat-treatment  are  shown  in  Table  2.  The  specific  surface  area 
increases  with  pH  when  the  hydroxides  were  heat-treated  at  600°C 
for  2  hours,  which  is  an  opposite  tendency  to  that  of  the  hydroxide 
powders  dried  only  at  100°C  for  24  hours.  This  is  probably  attributed 
to  the  mechanism  that  A1  (OH)  ^type  hydroxides  evolve  more  water  than 
A100H  type  hydroxide  during  drying  at  600°C,  as  schematically  shown 
in  Fig.l.  The  particle  size  distributions  are  given  in  Table  3.  It 
can  be  seen  that  the  particle  size  was  much  reduced  after  ball -mil ling. 
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Fig.  1.  The  schematic  representation  of  the  increase  of  specific  surface  area  with 
dehydration  process  in  the  precipitation  method  (  pH  >  7  ) . 


In  Fig. 2  was  shown  the  relative  density  of  the  alumina  ceramics 
when  alumina  ceramic  bodies  were  sintered  at  1650°C.  It  was  observed 
that  the  MgO  addition  enhanced  the  sinterability  of  alumina  ceramics. 

3.3  Alumina-zirconia  Powder 

Particle  size  distributions  before  and  after  and  after  ball^milling 
are  given  in  Table  4  as  a  function  of  pH.  Particle  sizes  of  the  Series 
A  are  smaller  than  those  of  the  Series  B.  Relative  densities  and 
shrinkages  of  the  alumina-zirconia  ceramics  sintered  at  1650°C  for  4 
hours  are  shown  in  Fig. 3.  It  can  be  understood  that  the  Series  A 
specimens  are  much  more  densified  than  the  Series  B  and  MgO  effectively 
acted  as  the  sintering  aid  for  the  alumina-zirconia  ceramics.  In  Table  5 
are  given  the  tetragonal  Zr02  contents  as  a  function  pH,  from  which  it 
can  be  seen  that  te  tragonal  zirconia  can  be  retained  higher  than  94% 
for  all  pH  values. 

4 .  Conclusions 

1)  Very  fine  and  narrow  size  distributed  alpha-alumina  and 
alumina-zirconia  powders  could  be  prepared  by  a  precipitation  method. 

2)  Mechanical  mixing  of  separately  precipitated  alpha-alumina 
and  zirconia  powders  was  more  effective  for  fabrication  of  densified 
alumina-zirconia  ceramics  than  coprecipitation  from  A1  and  Zr  salts. 

3)  MgO  doping  was  found  to  be  effective  for  densification  of 
alumina  and  alumina-zirconia  ceramics. 
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A. 


Table  3  Particle  Size  Distributions  before  and  after  Ball  Milling  as  a  Function  of  pH. 


|  Condition 

Data  | 

PH 

Calcination 
Temp.  C  C) 

Soaking 

Time  (min  ) 

Mean  Particle 

Si  ze(  j|tn) 

Particle  Size 
Range  (^m) 

7 

1200 

8 

Before 

Ball 

Milling 

a  85 

a  32  -  2.  21 

9 

1150 

60 

l  15 

a  37  -  L  43 

m 

1150 

50 

L  49 

a  44  -  Z  47 

D 

1150 

85 

a  74 

a  41  -  Z  28 

n 

1200 

8 

after 

Ball 

Milling 
for  48  h 

a  09 

a  04  -  a  20 

rr 

1150 

60 

a  12 

a  03  -  a  20 

m 

1150 

50 

a  11 

a  04  -  a  24 

ID! 

1150 

85 

a  06 

a  01  -  a  07 

Table  4  Particle  Size  Distributions  before  and  after  Ball  Milling  as  a  Function  of  pH. 
(a)  Series  A 


pH 

Calcination 
Temp.  (1C) 

Soaking 

Time(min) 

Particle  Size 
Range  (><m) 

Mean  Particle 
Size(^m) 

> 

P 

7 

1200 

8 

before 

Ball 

Milling 

0.32-2.21 

0.85 

9 

1150 

60 

0.37-1.43 

1.15 

10 

1150 

50 

0.44-2.47 

1.49 

11 

1150 

85 

0.41-2.28 

0.74 

ZrO, 

7 

600 

60 

0.28-1.60 

0.74 

AljOj 

7 

1200 

8 

after 

Ball 

Milling 
for  48  h 

0.04-0.20 

0.10 

9 

1150 

60 

0.03-0.20 

0.12 

10 

1150 

50 

0.04-0.24 

0.11 

11 

1150 

85 

0.01-0.19 

0.06 

ZrOj 

7 

600 

60 

0.09-0.48 

0.27 

(b)  Series  B 


[pH 

Calcination 
Temp.  CC  > 

Soaking 

Time  (min) 

Particle  Size 
Range  (pm) 

Mean  Particle 
Size(^m) 

m 

1250 

60 

before 

Ball 

Milling 

0  37-3.01 

0.87 

a 

1250 

DO 

0  93-2.93 

1.71 

ID 

1250 

60 

0.69 

ID 

1250 

120 

0.47-3.17 

0.76 

7 

1250 

60 

after 

Ball 

Milling 
for  48  n 

0.28 

9 

1250 

90 

0.30-1.14 

0.46 

ua 

1250 

GO 

0.15-0.56 

0.31 

1250 

120 

0.12-0.54 

0.27 
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Relative  Density{%) 


Series  A 

Composite 
Undoped 
with  MgO 

Composite 
Doped 
with  MgO 

Series  B 

Composite 
Undoped 
with  MgO 

Composite 
Doped 
with  MgO 

PREPARATION  OF  A1203  AND  S13N4  CERAMICS  BY  LOW  PRESSURE 

INJECTION  MOLDING  METHOD. 


K.  MIYAMOTO.  Y.TAKAHASHI ,  S. INAMURA  and  H. MIYAMOTO 


Osaka  Prefectural  Industrial  Technology  Research  Institute 
2-1-53,  Enokojima,  Nishl-ku,  Osaka  550,  Japan 


Four  different  mixing  methods  were  tested  ;  stirrer  equipped 
in  the  low  pressure  injection  molding  apparatus,  automatic 
mortar,  ceramic  three  roll  mill  and  ball  mill.  It  is  concluded 
that  the  ball  mill  mixing  method  prepares  the  most  uniform  slurry 
among  the  four  mixing  methods.  The  specimen  sintered  at  1700^ 
for  3hrs  after  being  shaped  in  the  horizontal  flow  type  mold 
from  the  slurry  of  the  ball  mill  mixing  method,  shows  a  strength 
of  40.0kgf/mm2  and  its  Weibull  constant  is  6.9.  Furthermore,  the 
flexural  strength  of  the  sintered  specimens  increased  from  from 
40 . Okgf/mm^  to  46.2kgf/mm2  and  their  Weibull  constant  increased 
from  6.9  to  14.5,  as  the  metal  mold  was  changed  from  horizontal 
into  vertical  flow  type. 

A  transparent  mold  with  a  window  of  a  strengthened  glass  was 
devised.  This  mold  enables  to  visualize  the  dynamic  flow  of  the 
SiqNx  slurry  through  the  glass  window  by  VTR.  A  turbulent  flow  of 
the  slurry  was  observed,  when  the  flow  rate  increases  abruptly. 
It  was  made  clear  that  this  turbulence  gives  rise  to  a  lot  of 
voids  in  the  Si3N4  green  compact,  which  result  in  low  Weibull 
constant  of  bending  strength  of  Si3N4  sintered  body.  By  con to 11 
ing  the  flow  of  the  slurry  without  turblet  flow,  the  flexural 
strength  of  the  sintered  specimen  increased  from  77.1kgf/mm  to 
99 .  lkgf/mm2  and  their  Weibull  constants  incleased  from  5.6  to 
11.9  . 


The  Injection  molding  method  Is  able  to  prepare  green  compacts  of 
complicated  shape  with  high  precise  dimension  and  good  productivity.  In  this 
method,  there  Is  no  need  to  mechanically  process  the  compacts  after  molding. 
It  Is  expected  that  this  method  will  become  a  principal  technology  processing 
complicated  ceramic  structural  parts.  However,  the  ordinary  Injection  molding 
method  needs  such  a  high  pressure  (  200  to  2000  kgf/cm2)  for  shaping  the 
compacts  that  the  molding  apparatus  and  mold  must  have  high  wear  resistivity 
against  flow  of  the  slurry  used.  Therefore,  the  ceramic  parts,  when  the 
ordinary  Injection  molding  Is  applied  for  fabrication  of  many  species-small 
rot  parts,  become  prohibitively  expensive.  On  the  contrary,  low  pressure 
injection  molding  makes  the  life  of  mold  ten  or  fifteen  times  longer  than  that 
of  ordinary  Injection  molding  because  of  applying  lower  pressure  (  3  to  5 
kgf/cm2).  But  studies  on  the  fabrication  of  ceramics  by  low  pressure  Injection 
molding  using  fine  powder  are  scarcely  reported. 

In  the  present  Investigation,  the  possibility  of  low  pressure  Injection 
molding  for  processing  the  high  strength-ceramics  sintered  from  raw  material 
of  fine  particles  was  examined.  Especially  the  following  three  articles. 
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(1)the  effect  of  the  mixing  method  of  the  slurry  on  the  flexural  strength  and 
Its  Welbull  constant  of  sintered  body1!  (2)the  effect  of  the  shape  of  the  mold 
on  the  flexural  strength  and  Its  Welbull  constant  of  sintered  body.3' 
( 3  lobservatlon  of  the  dynamic  flow  of  the  slurry  using  a  transparent  mold  with 
a  window  of  strengthened  glass?5 were  studied. 

Experimental 

(1)  The  effect  of  the  mixing  method  of  the  slurry  on  the  flexural  strength  and 
Its  Welbull  constant  of  sintered  body. 

The  process  of  preparing  A1203  ceramics  by  the  low  pressure  injection 
molding  method  is  shown  In  Flg.1. 

The  green  compact  was  prepared  by  a  low  pressure  Injection  molding 
machine  made  by  Peltzman  Co. .Ltd. ( type  M1GL-28)  as  Illustrated  In  Fig. 2!  A 
mixture  of  starting  powder  and  binder  provides  the  slurry  In  the  heated  tank. 
The  tank  and  guiding  pipe  are  kept  at  temperatures  In  the  range  from  80*C  to 
100*C.  After  the  bubbles  remaining  In  the  slurry  are  evacuated  by  the  vacuum 
pump,  the  slurry  Is  transferred  Into  the  metal  mold  by  gas  pressure  up  to  5 
kgf/cm2  of  the  compressor.  The  slurry  gives  rise  to  a  green  compact  shaped  in 
the  water  cooled  mold. 

A  A1203  fine  powder,  AL-160SG,  of  a  mean  particle  diameter  of  0.6  yum, 
supplied  by  Showa  Kelklnzoku  Co..  Ltd.  was  used  after  being  heated  at  900'C  to 
remove  water  adsorbed  on  the  surface  of  the  particles.  An  organic  binder.  SE- 
146.  supplied  by  Chukyo  Yushl  Co.,  Ltd.  was  used. 

Fine  particles  of  raw  material  powder  need  to  be  dispersed  homogeneously 
Into  the  binder  In  order  to  obtain  high  strength  ceramics.  When  the  size  of 
particles  of  raw  material  Is  smaller  than  about  1 /jm.  the  particles  tend  to 
make  a  large  agglomerate.  In  order  uniformly  to  disperse  the  particles  Into 
the  organic  binder,  four  different  mixing  methods  were  tested;  (1)  a  stirrer 
equipped  In  the  low  pressure  Injection  molding  apparatus,  (2)  an  automatic 
agate  mortar,  Ola  ceramic  three  roll  mill  and  (4)  a  ball  mill.  The  content 
of  A1203  powder  to  the  slurry  was  85  wt*. 

(1)  Stirrer;  the  organic  binder  of  SE-146  of  150g  was  put  In  the  tank  of  the 
hot  molding  machine  and  heated  at  90  *C.  Then  the  A1203  powder  of  850g  was 
gradually  added  Into  the  molten  wax  and  mixed  by  the  stirrer  of  the  hot 
molding  machine  for  6  hrs. 

(2)  Automatic  agate  mortar;  an  Ishl kawa-type  automatic  agate  mortar  was  used. 
While  the  binder  was  melted  by  a  hot  blower,  A1203  powder  was  added  and  mixed 
for  4  hrs. 

(3)  Ceramic  three  roll  mill;  a  ceramic  three  roll  mill,  type  9x18G  (the  ratio 
of  rotation  rate  Is  1:3:9)  produced  by  Inoue  Selsakusho  Co.,  Ltd.  was  used.  A 
small  amount  of  methyl  ethyl  keton  was  added  to  the  slurry  premixed  by  the 
automatic  agate  mortar  to  give  the  slurry  adequate  plasticity.  The  slurry  thus 
prepared  was  passed  through  the  rolls  four  times. 
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(4)  Ball  mill:  a  Al2o3  ball  mill  Type  HD  pot-mill  B  (capacity  7300  ml) 
produced  by  Nippon  Kagaku  Togyo  Co.,  Ltd.  was  used.  1700g  of  A1203  powder, 
300g  of  the  binder  and  1000ml  of  methyl  ethyl  keton  were  introduced  Into  the 
pot  with  A1203  balls,  and  milled  for  24  hrs.  Methyl  ethyl  keton  plays  the  role 
of  solving  the  wax.  After  milling,  the  solvent  was  evaporated  by  heating  the 
suspension  at  70  *C. 

The  viscosities  of  these  slurries  were  measured  with  a  temperature  from 
65  *C  to  90 *C  by  a  B  Type  Viscometer  by  Tokyo  Kelsoku  Co.,  Ltd. 

The  green  compacts  were  molded  by  using  a  mold  that  was  a  plate  of 
50mmx50mmx5mmt .  The  conditions  of  molding  are  shown  In  Table  1. 

The  temperature  program  for  dewaxing  was  as  follows  ;  RT-200 °C: heating 

rate  5*C/h,  200*C;hold1ng  time  O.lh.  200*C-400*C:heat1ng  rate  2'C/h  and  400**C- 
900*C:heat1ng  rate  5  °C/h.  The  temperature  program  for  sintering  was  as 
follows  ;  RT- 1 200 *C: heatl ng  time  3h,  l200*C-1700,C:heat1ng  time  1.5h.  1700'C  : 
holding  time  3h,  and  1700 *C-1 200 °C: cool Ing  time  1h. 

The  flexural  strength  of  A1203  ceramics  at  1700*C  for  3  hrs  was  measured 
by  a  three  point  bending  test  at  room  temperature  and  Welbull  constants  were 
calculated. 

Result 

Fibers  of  a  diameter  of  about  100 jum  were  prepared  from  the  four  kinds  of 
molten  slurries  kept  at  80*C.  which  were  prepared  by  four  kinds  of  mixing 
method,  by  abruptly  pulling  a  glass  stick  from  the  slurries  after  It  had  been 
In  contact  with  them.  The  presence  of  agglomerate  on  the  surface  of  the  fiber 
was  detected  by  the  naked  eye  or  optical  microscope.  The  results  are 
summarized  In  Table  2.  This  Table  shows  that  the  ball  mill  mixing  method 
prepares  the  most  uniform  slurry  of  the  four  slurries  above  described. 

Fig. 3  shows  the  measured  viscosity  of  the  slurries.  The  slurry  prepared 
by  the  stirrer  mixing  method  showed  the  lowest  viscosity  while  the  other 
slurries  showed  nearly  the  same  high  value.  The  more  uniformly  dispersed  the 
the  particles  are.  the  higher  the  viscosity  of  the  slurry  Is.  Therefore,  the 
slurries  prepared  by  the  above  methods  except  the  stirrer  mixing  one  were 
thought  to  be  homogeneous  so  far  as  observed  from  their  viscosity. 

The  results  of  the  three  point  bending  test  and  Welbull  constants  are 
shown  in  Table  }.  The  flexural  strength  of  the  sintered  specimen  from  the  ball 
mill  mixing  method  shows  the  highest  value.  40kgf/mm2.  while  that  of  the  test 
pieces  from  the  stirrer  mixing  method  shows  the  lowest  value,  22.1kgf/mm2. 
Similarly,  the  sintered  specimen  from  the  ball  mill  mixing  meyhod  shows  the 
highest  Welbull  constant,  6.9,  while  that  from  the  stirrer  mixing  method  shows 
the  lowest  value,  3.7  .  The  high  Welbull  constant  results  from  the  small 
probability  of  the  presence  of  defects  which  give  rise  to  fracture  under  an 
extrenal  stress.  The  sintered  specimen  from  the  ceramic  three  roll  mill  shows 
the  second  highest  value  of  flectural  strength  and  Welbull  constant.  The  order 
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of  homogeneity  of  the  slurry  as  shown  Table  2  coincides  well  with  that  of  the 
Welbull  constant. 

From  these  experimental  results.  It  Is  concluded  that  the  most 

homogeneously  dispersed  slurry  prepared  by  the  ball  mill  mixing  method  gives 
the  highest  strength  sintered  A1203  ceramics  with  the  highest  Welbull 
constant. 

(2)  The  effect  of  the  shape  of  the  mold  on  the  flexural  strength  and  its 

Welbull  constant  of  sintered  body. 

The  specimen  sintered  at  1700  *C  for  3hrs,  from  the  slurry  of  the  ban 
mill  mixing  method,  shows  a  strength  of  40.0kgf/mm2  and  Its  Welbull  constant 
Is  6.9  as  shown  In  Table  3.  The  low  Welbull  constant  results  from  the  large 
probability  of  the  presence  of  defects  which  give  rise  to  fracture  under  an 
external  stress.  The  variation  of  the  average  flexural  strength  of  the 
sintered  A1203  ceramics  with  the  positions  of  specimens  were  analyzed  to  find 
out  the  origin  of  the  low  Welbull  constant  observed.  Fig. 5  shows  that  the 
flexural  strength  of  the  center  of  the  specimens,  partlcul'ary  from  the  ceramic 

three  roll  mill  mixing  method  and  the  ball  mill  mixing  method,  has  lower 

value  than  that  of  the  other  positions.  The  Injecting  gate  of  this  metal  mold 
used  Is  In  the  center.  It  Is  thought  that  the  defects  of  voids  became 
Incorporated  Into  the  green  compact.  Therefore,  a  new  metal  mold,  named 

vertical  flow  type  mold  was  made  as  shown  In  Fig.  5.  The  flexural  strength  of 

the  sintered  specimens  Increased  from  40.0kgf/mm2  to  46.2kgf/mm2  and  these 
Welbull  constants  Increased  from  6.9  to  14.5,  as  the  metal  mold  was  changed 
from  horizontal  Into  vertical  flow  type. 

(3)  Observation  of  the  dynamic  flow  of  the  slurry  using  a  transparent  mold 
with  a  window  of  strengthened  glass. 

Experimental 

89.3wt%  of  S13N4  powder,  N4-F.  of  mean  particle  diameter  of  0.9um, 
supplied  by  Nippon  Denkou  Co.,  Ltd.,  5.7wtS  of  A1203  powder.  AKP30,  supplied 
by  Sumitomo  Chemical  Co..  Ltd.  and  5wt*  of  Y203  powder,  supplied  by  Shlnetsu 
Chemical  Co., Ltd.  were  used.  The  content  of  ceramic  powder  to  the  slurry  was 

from  17  to  20wt*.  The  slurries  were  prepared  by  the  ball  mill  mixing  method 

which  makes  the  most  homogeneously  dispersed  slurry  as  above  described.  A 
transparent  mold  with  a  window  of  a  strengthened  glass  was  devised.  The 
dynamic  flow  of  the  S13N4  sulurry  was  observed  through  the  glass  window  by 
VTR. 

Result 

A  turbulet  flow  of  the  slurry  was  observed,  when  the  flow  rate  Increases 
abruptly.  It  was  made  clear  that  this  turbulence  gives  rise  to  a  lot  of  voids 
In  the  S13N4  green  compact,  which  result  In  low  Welbull  constant  of  bending 
strength  of  S13N4  sintered  body,  5.6  .  By  controlling  the  flow  of  the  slurry 
without  turblet  flow,  the  flexural  strength  of  the  sintered  specimens 
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increased  from  77.1kgf/mm2  to  91.6kgf/mm2  and  Its  Welbull  constant  increased 
from  5.6  to  11.2  .(summarized  In  Table  4) 
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Fig.  2  Schematic  diagram  of  low  pressure  injection  molding 
machine. 

(A)  compressor  (B)  vacuum  pump  (C)  heater 
(D)  slurry  (E)  metal  mold  (F)  pressure  gauge 


green  compact 

D.T.A. _ I 

T.G.A.  I 

dewaxing  I  R.T.-900°C 


•  5  cm 


j7cr*,T*n  —  c 


sintering  1700°C,  3hrs.  ^  U  ~wr''  ft  " 

' -  Injecting  gate  Inj^ng  gate 

Fig.  1  Process  to  prepared  AlaOa  ceramics  by  Horizontal  flow  type  mold  Vertical  flow  type  mold 

low  pressure  injection  molding  method.  Fig.  5  Illustration  of  the  two  kinds  of  metal  molds  used. 


Table  1  Conditions  of  molding. 


Thickness  Temperature  Temperature  Molding  Molding 


of  plate 

of  tank 

of  pipe 

time 

pressure 

3  mm 

100°C 

90°C 

20  sec 

5  Kgf/cm* 

5  mm 

100°C 

90°C 

30  sec 

5  Kgf/cm2 
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(A)  stirrer  (B)  automatic  agate  mortar  (C)  ceramic  PoSltlOO  Of  SPCCimcnS 

three  roll  mill  (D)  ball  mill 

rig,  4  Variation  of  the  flexural  strength  of  sintered  AUO* 
with  the  positions  of  specimens. 

(A)  stirrer  (B)  automatic  agate  mortar  (C)  ceramic 
three  roll  mill  (D)  ball  mill 


Table  2  Appearance  of  four  kinds  of  slurries. 


Mixing  method 

Mixing  time 

Fiber  formation 

Agglomerates 

Stirrer 

6  hr 

Difficult 

Large  Amount  Observed 

Agate  mortar 

4  hr 

Easy 

Trace 

Ceramic  three  roll  mill 

15  min 

Easy 

Trace 

Ball  mill 

24  hr 

Easy 

Not  detected 

Table  3  Flexual  strength  of  sintered  AI2O3  ceramics  and  their  Weibull  constants. 


Mixing  method 

Sintering 

temperature 

°C 

Average  of 
flexual  strength 
Kgf/mm2 

Number  of 
specimens 

Weibull 

constant 

Stirrer 

1700 

22.1 

24 

3.7 

Automatic  agate  mortar 

1700 

28.3 

26 

4.6 

Ceramic  three  roll  mill 

1700 

32.5 

47 

5.2 

Ball  mill 

1700 

40.0 

26 

6.9 

Table  4  Flexural  strength  of 

sintered  S13N4 

ceramics 

and  their  Weibull 

constants 

Content  of  Controlling  the  flow  Molding  Average  of  Weibull 
SE- 146  of  the  slurry  pressure  flexural  strength  constant 

wtx  without  turblence  kgf/cm2  kgf/mm2 


20  done  5  91.6  11.9 


180 


SYNTHESIS  OF  0-S1ALON  FROM  POROUS  GLASS  AND  PROPERTIES  OF  ITS  SINTERED  BODY 


Kim,  Byong-Ho,  Lee,  Gun-Hun.  and  Jun,  Hyung-Woo 

Department  of  Materials  Science,  Korea  University 
5-1  Anam-Dong.  Sungbuk~Ku,  Seoul,  136-701,  Korea 


Introduct ion 

In  r ednc t ion-n i t r i da t i on  method  for  synthesizing  Sialon  froa  Si-Al-O-C  sys- 
tea.  it  is  of  priac  iaportancc  to  give  sufficient  reduction  and  enhance  the  re¬ 
activity  of  raw  materials. 

Synthesis  of  £  -Sialon  powder  was  attempted  with  r ed uc t i on-n i t r i da t ion  of 
•porous  glass-carbon  mixture.  Porous  glass  was  prepared  by  heat(for  phase  sepa¬ 
ration)  and  hydrotheraal  treatments  of  Lu  O-B^O^-SiO^-A  1^0^  glass  as  a  starting 
aater  ia  1 . 

The  porous  glass  has  a  specific  surface  area  more  than  330  rrf/g  as  well  as 
softening  point  higher  than  1200*C  -  And  then,  the  porous  glass  is  thought  to  be 
an  ideal  material  which  can  maintain  porous  structure  up  to  carbothermal  reduc¬ 
tion  temperature.  In  addition,  if  carbon  pyrolyzed  from  hydrocarbon  is  deposit¬ 
ed  on  the  surface  and  interior  of  porous  glass,  the  degree  of  contact  between 
porous  glass  and  reducing  agent  is  increased  and  the  good  reduction  effect  can 
ha  expected. 

In  this  study,  carbon  pyrolyzed  from  propane  gas  was  deposited  on  the  po¬ 
rous  glass  and  thereafter  synthesis  of  0-$ialon  was  performed. 

Experimental  Procedure 

The  mother  glass  composed  with  37. 2S iQ* * 46 .SB^Oy 9 .32LiA0*6 . 98Ali03  was 
crushed  and  heated  at  480  *C  for  lOhr.  The  heat  treated  glass  was  pulverized 
into  various  kind  of  particle  size  and  hydrolherma 1  ly  treated  with  distilled 
water  at  98  1C  for  4hr.  Carbon  pyrolyzed  from  propane  gas  was  deposited  on  po- 
roQS  glass  and  activated  carbon  was  added  to  sufficient  amount  as  a  reducing 
agait . 
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The  mixed  gas  of  llz  and  Nx  was  passed  through  the  tube  furnace  with  carbon/ 
porous  glass  at  each  temperature.  After  reduction  temperature,  the  products 
were  heated  at  700*C  for  lhr  to  remove  remaining  carbon  and  identified  by  X-ray 
dif f rnctometer . 

The  reaction  product  with  6  wtX  as  a  sintering  agent  was  pressure less- 

ly  sintered  at  1750  *C  for  lbr  in  nitrogen  atmosphere.  The  bulk  density.  M.O.R. 
4&J  Kic  Of  the  sintered  bodies  were  determined- 


The  particle  shape  of  the  reaction  products  showed  fibrous  in  3x0. 4jt*. 

The  bulk  density  aid  M.O.R-  of  the  sintered  bodies  were  2  .25^3 .  !7g/oA  and  ZOO- 
434  MPa .  respectively-  The  values  were  increased  with  the  amount  of  £-Sialon 
ia  the  reaction  products.  The  values  of  Kxc  were  -^4.0  MPa**  - 


Table  l-  Physical  properties  of  sintered  hodies(1750  *0,  lhr> 


Weight  to»* 

Linear  shrinkage 

Density 

M.O.R. 

KIC 

1/ 

<X> 

(X> 

(g/  od) 

(MP»  > 

(MP»‘  ■*> 

SA1 

32 

22 

2.25 

- 

“ 

SA2 

8 

21 

3.12 

289-6 

3.41 

SA3 

5 

19.5 

3.16 

393.1 

3.96 

SA4 

2 

18.2 

3.17 

434.4 

4.00 

Concl us  ions 

/ 

1>  The  *ean  pore  size  of  porous  glass  was  distributed  in  9  ^16A  range  and  the 
mount  of  carbon  deposited  on  porous  glass  linearly  increased  with  the  pore 
size. 

2>  The  reaction  product  obtained  at  1450  *0  for  5hr  was  0-Sialon  single  phase, 

3>  The  values  of  M.O.R.  and  Kjx  of  the  sintered  body  prepared  fro*  optimum  con¬ 
ditions  were  434.4MPa.  4.00MPa-m^,  respectively. 
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Effect  of  Carbide  Addition  on  Sintering  of  SiC-B-C  System 


Toshiaki  MIZUTANI  &  Akihiko  TSOGB 
Toshiba  Co.  Ltd.,  Research  &  Development  Center. 

1,  KomukaiToshiba-Cho,  Saiwai-Ku,  Kawasaki-Shi ,  210,  JAPAN 

Densification  properties  of  TiC,  ZrC,  HfC,  VC,  NbC,  TaC  or  WC  dispersed 
SiC-B-C  composites  were  investigated  by  pressure-less  sintering.  Not  only  could 
densification  to  more  than  93  *TD  be  achieved  in  the  TaC-SiC-B-C  system  by 
sintering  at  relatively  higher  temperature,  but  also  the  dispersed  TaC 

particles  had  suppressed  grain  boundary  movement.  The  10mol*laC-90mol*SiC-B-C 
composite  had  twice  the  toughness  as  the  non-dispersed  SiC,  in  the  same 
sintering  batch. 

1.  INTRODUCTION 

SiC-B-C  Ceramic  Systems  are  interesting  in  regard  to  their  excellent 

0 

strength  and  heat  resistivity  at  high  temperature,  around  1500C.  However,  the 
low  toughness,  around  3  GPa^nT  for  this  system,  was  the  greatest  problem  to  be 
overcome  to  achieve  structural  application  to  heat  engines.  Therefore,  many 
toughening  methods  were  proposed. 1)  Initially,  the  TiC  particulate  dispersed 
SiC-Al-C  ceramic  system  was  studied  by  hot-pressing,  in  order  to  achieve 
sufficient  densification  to  make  evaluating  mechanical  properties  worthwhile. 
Then,  toughening  and  strengthening  mechanisms  were  recognized  and  considered  to 
originate  from  the  larger  thermal  expansion  coefficient  of  TiC  particles  than 

that  of  SiC  matrix. 2)  However,  pressureless  sintering  is  preferable  to 

hot-pressing  for  structural  applications  of  these  ceramics.  This  study  was  made 
to  determine  some  other  particulate  materials  which  didn't  disturb  the  SiCB-C 
matrix  densification.  Seven  heat  resistive  metal  carbide  powders  (  TiC,  ZrC, 
HfC,  VC,  NbC,  TaC,  WC  )  were  selected  as  dispersed  particles  candidate  in  this 
study . 

2.  EXPERIMENTAL 

Table  1  shows  the  characters  of  starting  raw  powders  and  the  material 
properties  of  the  related  metallic  carbides.  The  sources  of  B  and  C  aids  for 
sintering  are,  respectively,  amorphous-B  powder,  produced  by  Herman  C.  Starck, 
and  Phenol  resin  powder,  furnished  by  Dainippon  Ink  &  Chemicals  Co.  Ltd. 

The  B  aid  addition  quantity  is  fixed  to  0.7  atm*  for  main  composition 

(SiC-Metallic  Carbide),  and  the  C  aid  addition  quantity  is  fixed  to  2.25  times 
the  weight  as  the  oxygen  impurity  amount  in  the  main  composition.  The  metallic 
carbide  content  in  main  compositions  was  selected  up  to  20  mol*. 


A  slurry  was  made  from  mixed  SiC,  boron  and  metallic  carbide  powders,  using 
an  acetone  solution  of  phenol  resin  and  binder.  The  slurry  was  dried, 
granulated  and  pressed  into  a  33- 43- 7mm  shape.  At  QOlfc  under  nitrogen,  the 
binder  was  degreased  and  resin  was  carbonized.  Sintering  was  carried  out  in  a 

O 

carbon  heated  vacuum  furnace  for  2  hours  at  1950-2200C.  Sintered  bodies  were 
cut  and  polished  to  the  standard  size  of  JIS  R1601. 

The  densities  of  sintered  bodies  were  obtained  by  liquid  displacement  or 
size  measurement.  Standard  X-ray  diffraction  techniques  were  used  to  determine 
the  crystalline  phases  present  in  the  sintered  bodies,  Scanning  electron 
microscopy  etc.  were  used  to  observe  the  polished  or  fractured  surfaces.  The 
fracture  toughness  values  were  measured  only  for  TaC-SiC-B-C  composites ,  since 

o 

they  were  sufficiently  densified  by  2200C  sintering  to  more  than  93%  of 
theoretical  density,  which  was  estimated  from  the  composition  by  using  the  only 
densities  of  SiC  and  each  metallic  carbide  in  Table  1.  Toughness  K1C  and 
hardness  Hv  were  evaluated  from  more  than  10  Vickers  indent  measurements. 
Niihara's  Equation  3)  was  used  in  calculating  toughness  K1C  under  the 

previously  postulated  Young's  modulus  E=410  GPa,  that  could  usually  be  obtained 
in  dense  single  phase  SiC  ceramic. 

3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  effects  of  each  metallic  carbide  addition  and  its 

o 

quantity  on  1950C  sintering.  Density  was  normalized  by  the  theoretical  density. 
Every  metallic  carbide  more  or  less  disturbs  the  densif icatiorf  for  each 

mixture.  However,  TaC  and  HfC  additions  respectively  provide  higher  densities 
than  the  additions  of  other  carbides,  with  17a  and  7a  elements  in  the  periodic 
table . 

0 

Figure  2  shows  the  2050C  sintering  results  for  TaC  or  HfC  dispersed 

composites,  with  and  without  B  aid.  The  densif ication  degradation  becomes 
significant  around  the  5/8  mol%  addition  of  each  metallic  carbide,  that  closely 
corresponds  to  the  B  aid  atomic  quantity  (0.7  atm%) .  The  density  becomes 
slightly  higher  with  increasing  the  TaC  quantity  from  5/4  mol%,  in  spite  of  the 
fact  that  the  densificat ion  does  not  occur  anymore  in’  the  TaC-SiC-C  composition 
without  B  aid. 

In  the  X-ray  diffraction  patterns  for  every  sintered  body,  peaks  for  each 
metallic  boride  were  detected.  As  an  example,  Table  2  shows  the  relative  peak 
strengths  between  SiC,  TaC  and  TaB2 .  It  seems  clear  that  most  of  TaC  has 
reacted  with  the  B  aid  to  form  TaB2  at  5/8  mol%  TaC  addition,  and  the  formed 
TaB2  quantity  varies  little  with  the  excess  TaC  amount.  Even  though  the  low 
carbon  pressure  exists  in  sintering  (O.OlSPa  at  2300K) ,  the  B  aid  would  be 
stabilized  by  forming  metallic  borides  and  lose  the  aid  effect.  Therefore,  the 
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SiC-B-C  system  densif icat ion  would  be  deteriorated  by  metallic  carbide 
addition. 

Figure  3  shows  SEM  photographs  of  the  polished  surfaces  on  sintered  body  of 
TaC-SiC-B-C  system.  Dispersed  bright  grains  are  TaC.  They  have  sharp  edged 
rectangular  shapes,  similar  to  those  for  the  raw  starting  powder. 

Figure  4  shows  the  variations  on  density,  toughness  and  hardness  for  the 

0 

TaOSiC-B-C  system,  sintered  at  around  2200C.  The  hardness  is  almost  25  GPa, 
which  seems  constant  between  non-dispersed  SiC  and  20  mol*  TaC  dispersed 
composite.  On  the  other  hand,  the  toughness  is  increasing  with  TaC  addition, 
especially  quick  between  0  mol*  and  5  mol*  TaC  addition. 

Figure  5  shows  fracture  surfaces  for  each  composite.  Abnormal  exaggerated 
SiC  grain  growth  appeared  and  fracture  surface  is  flat  on  the  micro-scale,  in 
the  case  of  no  TaC  addition.  On  the  contrary,  in  the  TaC  added  bodies,  there  is 
no  such  exaggerated  grain  growth,  and  fracture  surfaces  are  rough  on  the 
micro-scale.  Dispersed  TaC  particles  seem  to  suppress  the  grain  growth  by 
pinning  the  grain  boundary  movement. 
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Table  1.  Related  metallic  carbide  characters.  Table  2.  Relative  X-ray 


Mate- 

Densi- 

Molar 

Melt.  P.P.E. 

T.E.C. 

Young's 

M.P.S. 

Oxygen  Maker 

rial 

ty 

Vol . 

Point 

Modulus 

Imp. 

g/cc 

cc/mol 

#C  KJ/mol 

pprn/t 

GPa 

/*■ 

wt* 

TiC 

4.910 

12.5 

3,067  -151.4 

8.56 

470 

1.45 

0.13 

JNM 

ZrC 

6.633 

16.0 

3.427  -178.7 

7.0 

550 

1.09 

0.81 

JNM 

HfC 

12.657 

15.6 

3,830  -203.6 

7.0 

750 

3.05 

0.01 

HCS 

V  C 

5.61 

10.0 

2.800 

6.7 

420 

1.59 

0.40 

JNM 

NbC 

7.801 

13.4 

3.608  -134. 4 

7.25 

540 

MO 

0.39 

JNM 

TaC 

14. 497 

13.3 

3.825  -145.3 

6.96 

720 

2.69 

0.13 

JNM 

W  C 

15.668 

12.6 

2,785  -  67.0 

5.5 

700 

0.61 

0.17 

JNM 

SiC 

3.217 

12.5 

subl .  -  35.4 

4.7 

386 

0.62 

1.28 

LNZ 

B  C 

2.52 

22.0 

2.450  -  27.3 

5.2 

450 

0.03 

CLY 

diffraction  peak  heights. 


TaC 

Content 

(200) TaC 
(104)6H-$iC 

(lOl)TaB 

(104)6H-SiC 

(200)TaC 

(101)TaB 

5/8  mol* 

0.03 

1.0 

0.03 

5/4  mol* 

0.81 

1.1 

0.71 

5/2  mol* 

2.6 

1.3 

1.9 

5  mol* 

5.8 

0.98 

5.9 

10  mol* 

14. 

0.93 

15. 

20  mol* 

25. 

.  0.61 

41. 

Referred  from  JANAF  Therraochemical  Tables. "D . R. Stull ,  et  al.,(1971), 

"  OcoCo  Tyron^aBKne  sjieMeHbi  h  coe  ahhcmhh. 
p.  B.  l^oTe^bpKOB,  et  a  1  .  .  Mo  c  k  b  a  ,  (1969). 

F.F.E.  :  Formation  free  Energy  at  2300K. 

T.E  C.  :  Thermal  Expansion  Coefficient  from  RT.  to  2000K. 

M.P.S.  :  Mean  Particle  Size. 

JNM  :  Japan  New  Metal  Co.  Ltd..  HCS  :  Herman  C.  Starck  Co.  Ltd.. 
LNZ  :  Lonza  Co.  Ltd..  CLY  :  Callery  Co.  Ltd.. 
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Densty  of  Sintered  Body  P(%TD) 


'ig.  1.  Density  for  SiC-Metallic  Cabides 
0 

in  1950C  sintering. 


Fig.  3.  The  polished  surfaces  of 
TaC-SiC-B-C,  sintered  at  2200C. 


Non-Dispersed  SiC 

g.  5  Fractured  surfaces  for  TaC-SiC-B-C, 


Fig.  2.  Density  for  SiC-TaC  and 

SiC-HfC  in  2050C  sintering. 


Fig.  4.  Density , Hardness  and  Toughness 
for  TaC-SiC-B-C  in  2200C  sintering 


5  mol%  TaC  Dispersed  Composite 
sintered  at  2200C. 
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Morphology  of  regularly  coiled  whiskers  of  amorphous  Si3N4 
grown  by  chemical  vapor  deposition  on  a  quartz  or  graphite 
substrate  coated  with  iron  impurity  has  been  examined  by 
scanning  electron  microscopy.  The  typical  diameter  and  the 
pitch  of  the  coils  are  10#  m  and  a  few  #  m,  respectively. 
Various  features  of  the  growth  morphology  suggest  a  VLS 
mechanism  of  the  whisker  growth.  The  coils  have  been 
elongated  with  a  special  tensile  device  and  observed  by  SEM. 
It  was  found  that  the  coils  can  be  elongated  elastically  up  to 
three  times  of  its  initial  length,  indicating  an  excellent 
spring  character  of  the  coils.  r max/G  value  {rmax:the 
maximum  shear  stress  in  the  coil;  G:  the  shear  modulus) 
reaches  0.035  at  the  fracture  stress.  Preliminary  tensile 
tests  of  the  coils  to  obtain  load-elongation  curves  have  also 
been  performed  using  a  special  tensile  device  on  an  optical 
microscope. 


Since  silicon  nitride  (Si3N4)  possesses  high  strength  and  toughness  at  high 
temperatures,  Si3N*  whiskers  have  attracted  much  attention  as  a  possible 
material  for  fiber  reinforcement  of  high  temperature  structural  materials.  In 
previous  papers  [1,2] ,  it  has  been  shown  that  Si3N*  whiskers  of  a  special  shape, 
i.e.  a  regularly  coiled  helical  shape,  can  be  grown  by  a  chemical  vapor 
deposition  (CVD)  method.  In  the  present  paper,  we  present  some  morphological 
features  of  the  coiled  whiskers  and  their  excellent  spring  character  which  has 
been  measured  by  use  of  special  devises. 


Morphology  of  coiled  whiskers 

The  details  of  the  production  method  have  been  described  in  the  previous 
paper  [2]  .  Here  we  summarize  the  procedure  only  briefly.  Si3N+  whiskers  have 
been  produced  by  a  CVD  method  from  a  gas  mixture  of  SijCle,NH3  and  H2  on  a 
quartz  or  graphite  substrate  coated  with  a  metal  as  an  impurity  dopant.  The 
best  regularly-coiled  whiskers  have  been  obtained  at  1 200*C  on  a  graphite 
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substrate  with  iron  impurity.  Figure  1  shows  an  example.  The  coil  pitch  is  2-5 
H  m  and  the  coil  diameter  is  10-15  n  m.  The  cross  section  of  the  whiskers  is 
circular  with  a  uniform  diameter.  The  electron  diffraction  pattern  from  the 
whiskers,  an  example  being  given  in  the  inset  of  fig.  1  (b)  ,  shows  a  halo 
characteristic  of  amorphous  structure.  An  interesting  feature  is  that  after 
having  coiled  20-30  turns,  most  of  the  whiskers  stopped  coiling  for  a  while  and 
then  continued  coiling  again.  At  several  positions  in  a  whisker,  spherical 
droplet-like  nodules  are  observed  as  indicated  by  Q  in  fig.  1  (b) .  Although  iron 
impurity  was  not  detected  in  such  nodules  by  EPMA  analysis,  these  rounded 
nodules  seem  to  be  related  to  a  VLS  mechanism  in  the  growth  process  of  ..the 
coiled  whiskers.  Sometimes,  another  whisker  grew  into  a  coiled  whisker  as  shown 
in  fig.  2  (a)  .  The  fact  that  the  threading  whisker  has  also  a  uniform  diamter 
strongly  suggests  a  VLS  mechanism;  in  the  case  of  direct  vapor  growth  the 
diameter  should  be  affected  sensitively  by  the  surrounding  situation.  In  fig. 
2(a),  branching  of  the  whisker  is  seen  as  indicated  by  X.  The  branching  occurs 
also  with  almost  the  same  diameter.  This  phenomenon  is  again  difficult  to  be 
understood  if  this  happens  as  a  result  of  impingement  of  two  vapor-growing 
whiskers,  but  can  be  understood  if  we  assume  that  the  branchings  take  place  by  a 
VLS  mechanims  at  the  droplet-like  nodules  as  given  in  fig.  1 (b) .  Figure  2(b)  is 
a  special  case  where  the  coil  diameter  is  gradually  decreased  and  the  coil  ends 
with  a  rounded  tip,  which  also  suggests  a  VLS  growth  mechanism. 

We  find  both  the  right-handedly  winding  coils  and  the  left-handedly  winding 
ones  with  the  same  probabilty.  We  often  find  the  whiskers  whose  winding 


Fig.  1 .  (a)  A  SEM  micrograph  of  regularly  coiled  whiskers  grown  on  a  graphite 
substrate  with  an  iron  impurity.  (b)  An  enlarged  view  showing  droplet  like 
nodule  Q  on  coiled  whisker.  Inset  is  the  electron  diffraction  pattern. 
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direction  changes  several  times  during  their  growth,  as  shown  in  fig.  3.  There 
is  a  joining  point  with  a  nodule  at  the  point  where  the  winding  direction 
changes,  as  indicated  by  an  arrow  in  fig.  3(b),  and  that  the  coil  diameter  is 
almost  the  same  even  if  the  winding  direction  changes.  These  observations  would 
provide  us  with  important  suggestions  as  to  the  mechanism  of  the  coiling  of  the 


whisker. 


Fig.  2.  (a)  Branching  and  interpenetrating  complex  growth  of  whiskers.  (b)  A 
special  shape  of  a  coiled  whisker  with  decrsasing  coil  diameter.  Note  a  rounded 
tip  of  the  end  of  the  whisker. 


Fig.  3.  (a)  A  SEM  micrograph  showing  Fig.  4.  (a)  A  special  tensile  device  for 

changes  of  winding  direction  in  a  coiled  coiled  whisker,  see  the  text.  (b)  An 
whisker.  (b)  An  enlarged  view  showing  a  enlarged  view  of  the  specimen  of  which 
joining  point  with  a  nodule  at  the  .the  two  ends  are  glued  at  P  and  Q. 
turning  point  indicated  by  an  arrow.  R 
and  L  mean  the  direction  of  winding. 


Mechanical  properties 


In  order  to  clarify  the  spring  characteristics  of  the  coiled  whiskers,  we 
performed  two  kinds  of  tensile  experiments  by  using  special  devices:  one  is  the 
obsevation  of  large  elongation  of  the  coils  by  SEM  and  the  other  is  the  tensile 
tests  under  an  optical  microscope. 

In  the  first  experiment,  we  at  first  cut  a  usual  parallel-grid  metal  mesh 
for  TEM  observation  into  the  shape  shown  in  fig.  4(a) ,  where  the  mesh  was  cut  in 
a  half  leaving  two  long  filaments  of  the  grid.  To  the  points  P  and  Q  on  the  two 
long  filaments  we  glued  a  coil  specimen  as  shown  in  fig.  4(b),  and  to  the  top 
ends  of  the  filaments  A  and  B  we  glued  thin  metal  wires.  These  metal  wires  were 
then  fixed  to  supports  by  an  adhesive  at  X  and  Y.  These  points  are  separated 
step  by  step  and  the  stretched  coiled  whisker  was  observed  by  SEM  at  each  step. 
Figure  5  shows  an  example  of  the  results.  Values  X  given  in  the  figures 
indicate  the  coil  length  with  respect  to  the  initial  length.  In  this  particular 
case,  the  coil  fractured  at  X=2.2.  Figure  5(e)  shows  the  coil  after  the 
fracture.  By  comparing  the  distance  of  two  nodules  A  and  B  on  the  coil  between 
the  initial  state  (a)  and  the  final  fracture  state  (e) ,  it  is  found  that  no 
plastic  deformation  took  place  during  stretching  until  farcture.  Figure  6  shows 
an  enlarged  view  of  the  fracture  point.  We  see  the  nodule  B  near  the  fracture 
point,  meaning  that  the  fracture  was  initiated  at  the  stress  concentration  site 
at  the  nodule.  It  is  found  that  the  fractured  surface  is  oblique  to  the  growth 
direction.  When  a  coil  is  elongated,  a  torsion  stress  is  exerted  to  each  part 
of  the  specimen.  In  the  torsion  stress  of  a  wire,  maximum  tensile  stress 
component  is  45  deg  to  the  torsion  axis.  Thus,  fig.  6  indicates  that  the 
fracture  took  place  almost  along  the  maximum  tensile  stress  plane,  which  is  the 
usual  case  in  brittle  materials.  According  to  the  elasticity  theory,  the  ratio 
of  the  maximum  shear  stress  acting  at  the  surface  of  the  whisker,  rmax,  to  the 
shear  modulus  of  the  material  G  is  given  by  the  following  equation: 

Tmax/G=d 6  /  (4 n  nr2) 

Here,  d  is  the  whisker  diameter,  r  the  coil  diameter,  <5  the  amount  of 
elongation  and  n  is  the  number  of  turns.  In  the  case  of  fig.  5,  fmax/G  value 
at  the  fracture  stress  is  calculated  to  be  0.023.  In  a  thinner  whisker,  the 
^max/G  value  is  as  large  as  0.035,  which  is  extremely  high  value. 
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In  the  tensile  experiments  on  an  optical  microscope,  load  was  applied  by  a 
weight,  which  was  actually  a  piece  of  cover  glass  in  our  experiments.  The 
weight  was  connected  to  one  end  of  a  coil  specimen  of  which  the  other  end  was 
fixed.  By  inclining  the  optical  microscope  gradully  together  with  the 
microscope  stage  on  which  the  specimen  with  the  weight  was  placed,  the  weight 
was  slid  on  a  slide  glass  by  the  gravity  to  apply  a  load  on  the  specimen. 
Alumina  powder  was  used  as  a  lubricant  between  the  weight  and  the  slide  glass. 
The  threshold  inclination  angle  of  the  microscope  for  initiation  of  sliding  of 
the  weight  is  20-25  deg,  which  corresponds  to  the  static  friction  coefficient  of 
0.35-0.5.  Figure  7  shows  optical  micrographs  of  a  coil  under  tensile  test  on 
the  microscope  stage.  The  specimen  fractured  in  this  case  at  the  inclination 
angle  of  55  deg  at  which  the  elongation  6  =80  u  m.  In  fig.  8,  we  plot  load 
elongation  relation  for  the  case  of  fig. 7.  Here  the  load  was  estimated  on  the 
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assumption  of  the  constant  friction  of  0.35  or  0.5.  The  calculated  shear 
modulus  from  the  slope  of  the  load-elongation  relation  is  G=1 3-1 6x  103 kg/mm2 . 
More  details  of  the  tensile  tests  of  the  whiskers  will  be  reported  in  the  near 
future. 
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Fig.  8.  Load-elongation  relations 
assuming  a  constant  friction  coefficient 
of  0.35  or  0.5. 


Fig.  7.  A  series  of  optical  micrographs 
showing  elongation  of  a  coil  during 
tensile  experiment.  (a)  and  (b)  show 
the  initial  state.  (c)  and  (d)  are  in 
inclined  angles  40°  and  50* 
respectively. 
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dynamic  fatigue  properties  of  mullite  silica  fiber  ceramics 
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Dynamic  fatigue  properties  of  a  Mullite  silica  fiber  ceramics  developed 
for  the  material  of  diesel  particulate  filter  were  examined  by  tensile 
strength  test  in  the  temperature  range  of  25°C  to  600°C.  It  bcame  clear 
that  the  tensile  strengths  and  the  fatigue  parameters  of  61  to  72  varied 
little  in  that  temperature  range,  but  decreased  with  increasing  of  water 
vapor  pressure.  The  Mullite  silica  fiber  ceramics  is  advantageous  to  the 
thermal  stress  design  from  the  viewpoint  of  filter  durability. 

INTRODUCTION 

Regulation  of  diesel  particulate  emission  is  discussed  in  various 
countries,  which  has  already  started  and  is  scheduled  to  become  more  stringent 
in  the  U.S.A..  In  order  to  meet  with  this  situation,  we  have  developed  diesel 
particulate  filter  of  corrugated  honeycomb  fabricated  with  the  Mullite  silica 
fiber  ceramics  and  regeneration  systems  using  the  filter,  in  which  diesel 
particulates  are  collected  to  incinerate  repeatedly . ^ ^  Both  the  filter  and 
the  regeneration  system  need  durability  of  more  than  10^  vehicle  kilometers  as 
the  diesel  engine  does.  Therefore,  it  is  necessary  to  estimate  durability  of 
the  filter  material  under  applied  stress.  A  major  portion  of  stress  is 
constituted  by  thermal  stress  primarily  caused  by  the  temperature  gradients 
both  in  radial  and  axial  directions  during  regeneration.  Fracture  mechanics  is 
an  useful  means  to  predict  the  above-mentioned  durability  for  the  filter 
material . 

This  work  describes  fatigue  data  and  the  durable  stress  design  of  the 
filter  by  taking  fatigue  degradation  into  account. 

In  fracture  mechanics  based  on  Griffith  flaw  propagation,  dynamic  fatigue 
test  is  available  method  to  characterize  the  properties  of  material.  The 
relation  described  in  dynamic  fatigue  is  given  by 

- (1) 
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where  i  and  n  denote  the  strength,  the  stress  rate  and  fatigue  parameter 
respectively.  Fracture  mechanics  also  describes  the  relationship  between 
dynamic  fatigue,  static  fatigue  and  n,  as  is  given  by 

o  ,  (  1 
a  a  \n+ 1 

where  a  3  and  e  <  are  the  applied  static  strength  and  dynamic  strength,  t«  and  U 
are  the  times  to  failure  of  static  and  dynamic  strength  respectively. 

The  optimized  condition  of  diesel  filter  design  can  be  obtained  by  the 
application  of  these  equations.  In  order  words,  the  fatigue  parameter  n 
obtained  by  dynamic  fatigue  gives  the  calculation  of  maximum  allowable  stress 
for  any  required  failure  time.  The  durability  of  the- filter  will  be  forecasted 

afterwards . 

EXPERIMENTAL  PROCEDURE 

A  Mullite  silica  fiber  ceramic  sheet  was  prepared  to  measure  the  fatigue 
properties,  which  was  0.5mm  thick.  Test  specimens  were  cut  off  to  be  rectangle 
of  13mmX45mm,  followed  by  making  notches  of  radius  3mm  at  each  center  of  the 
long  side.  The  both  short  sides  of  the  specimen  were  sandwiched  by  alumina 
plates  and  bonded  by  an  inorganic  adhesive,  as  shown  in  Figure  1  . 

The  tension  test  machine  (CATY-2000YL)  with  a  infrared  furnace  was  used 
for  measurement.  All  dynamic  fatigue  data  were  obtained  by  tensile  strength 
test  at  each  of  the  four  temperatures;  25°C,  200°C,  400°C  and  600°C.  The 
stress  rate  was  changed  at  each  temperature  in  nitrogen  atmosphere;  5.4MPa/s, 
0 . 54MPa/s ,  0.054MPa/s  and  O.OlIMPa/s.  The  atmosphere  was  obtained  by  supplying 


Fig . 1  Specimen  for  tensile  strength  test. 
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nitrogen  gas  into  the  infrared  furnace.  The  vapor  pressure  of  nitrogen  gas  was 
O.llkPa.  Ten  to  sixteen  specimens  per  rate  were  tested  at  each  temperature. 
Effect  of  atmospheric  water  vapor  on  fatigue  was  also  examined  at  25°C  by 
changing  the  vapor  pressure  from  O.llkPa  to  3.17kPa  (saturated  vapor 
pressure ) . 

RESULTS  AND  DISCUSSION 

Data  of  the  dynamic  fatigue  were  characterized  by  Weibull  statistics.  In 
each  tensile  strength  test,  rupture  was  so  fast  that  plastic  flow  region  could 
not  ;be  specified.  The  results  of  the  tensile  strength  test  were  listed,  in 
Table  1.  The  m  values  of  8.2  to  15.8  indicate  that  the  tensile  strength  of  the 
Mullite  silica  fiber  ceramics  exhibits  narrow  distribution  in  each  temperature 
and  stress  rate.  Little  change  in  the  filter  strength  is  observed  in  the 
temperature  range  of  25°C  to  600°C. 

The  n  value  is  estimated  from  Eq.(1)  by  plotting  the  tensile  strength  vs. 
the  stress  rate  on  log-log  axes.  Figure  2  shows  an  example  for  a  test 
temperature  of  200°C.  The  n  values  listed  in  Table  1  were  estimated  using  the 
method  of  least  squares  at  each  temperature.  The  n  values  of  62  to  71  suggest 


Table  1  Tensile  strength  and  fatigue 
parameter  of  Mullite  silica 
fiber  ceramics  in  nitrogen 
atmosphere 
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64 
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3.37 
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2.95 
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3.14 
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3.27 

.011 

8.2 

3.11 

GOO 

.054 
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Fig. 2  Relationship  between  tensile 
strength  and  stress  rate  of  the 
Mullite  silica  fiber  ceramics; 
at  200°C  in  nitrogen  atmosphere. 
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that  the  similar  fatigue  behavior  of  the  Mullite  silica  fiber  ceramics  is 
occurred  in  the  temperature  range  of  25°C  to  600°C.  Almost  all  thermal  stress 
is  supposed  to  be  occured  in  the  filter  during  regeneration  in  this 

temperature  range. 

The  above-mentioned  results  suggest  that  the  dynamic  fatigue  properties 
of  the  Mullite  silica  fiber  ceramics  can  be  represented  by  the  data  obtained 
at  2 5 ° C .  The  influence  of  water  vapor  on  the  tensile  strength  was  also 
examined  at  25°C  in  the  similar  manner,  as  is  shown  in  Fig. 3.  The  tensile 
strengths  at  all  stress  rates  and  the  n  values  were  decreased  with  the 
increasing  the  water  vapor  pressure  from  O.lIkPa  to  3.17kPa.  These  behaviors 
are  considered  to  be  due  to  enhancement  of  stress  corrosion  cracking.  The 
minimum  n  value  of  33  was  obtained  at  the  water  vapor  pressure  of  3.17kPa. 


Durability  forecast 

As  mentioned  previously,  the  n  value  gives  the  allowable  stress  of  the 
filter.  That  is,  the  maximum  value  of  thermal  stress  occurred  in  the  filter 


during  regeneration  can  be  derived  for  the  required  failure  time  from  Eq.(2). 
In  this  case,  the  failure  time  of  the  filter  was  assumed  to  be  equal  to  the 


cumulative  time  experienced  the  maximum 
Assuming  half  of  regeneration  period  as 
the' time  applied  the  maximum  thermal 
stress,  1 05  vehicle  kilometers 
corresponded  to  3X1 05  seconds  cumulative 
time  in  our  newly  developed  regeneration 
system.  Considering  the  effect  of  water 
vapor  in  the  actual  usage,  the  minimum  n 
value  of  33  was  chosen,  which  is  larger 
than  one  of  conventional  ceramics.  The 
durability  forecast  is  shown  in  Fig. 4, 
in  which  a  failure  time  of  3X10^  sec 
gives  the  ratio  of  o  o  a  or  about  0.7. 
If  the  regeneration  system  is  designed 
for  the  thermal  stress  to  be  below  0.7 
to  the  tensile  strength,  the  filter  is 


thermal  stress  during  regeneration. 


WATER  VAPER  PRESS.  [KPa] 

ig.3  Relationship  between  tensile 
strength  of  the  Mullite  silica 
fiber  ceramics  and  water  vapor 
pressure  for  four  stress  rates 
at  25°C. 
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(stress  rate  0.054MPa/s) 


FAILURE  TIME  ts  [sec] . 

Fig. 4  Failure  time  prediction  of  the  Mullite  silica  fiber  ceramics. 

expected  to  be  able  to  withstand  10^  vehicle  kilometers. 

CONCLUSIONS 

The  dynamic  fatigue  properties  of  the  Mullite  silica  fiber  ceramics  were 
investigated  by  the  tensile  strength  test  in  the  temperature  range  of  25°C  to 
600°C.  The  influence  of  water  vapor  on  the  properties  was  also  examined  at 
25°C.  Results  are  as  follows: 

(1)  The  Weibull  parameters  of  8  to  1 6  and  the  fatigue  parameters  of  62  to  71 
was  obtained  for  the  Mullite  fiber  ceramics.  In  nitrogen  atmosphere  (water 
vapor  pressure;  O.llkPa),  these  values  vary  little  in  the  temperature  range  of 
2  5  °  C  to  6 0 0  °C ,  in  which  the  similar  fatigue  behavior  is  considered  to  be 
occured . 

(2)  In  existence  of  water  vapor,  both  the  tensile  strength  and  the  fatigue 
parameter  were  decreased  with  increasing  water  vapor  pressure  by  stress 
corrosion  cracking. 

(3)  On  account  of  large  fatigue  parameter,  the  Mullite  silica  fiber 
ceramics  has  an  advantageous  feature  in  the  thermal  stress  design  during 
regeneration  from  the  viewpoint  of  filter  durability. 
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1 .  Introduction 


Structural  ceramics  has  excellent  mechanical  properties  such  as  high 


strength  even  at  elevated  temperature.  Despite  several  advantages,  ceramics  is 
very  sensitive  to  microscopic  defects  because  of  its  low  fracture  toughness. 
Therefore,  one  of  the  primary  subjects  for  the  development  of  structural 
ceramics  is  how  to  evaluate  its  fracture  toughness  accurately.  Among  a  number 
of  techniques  for  evaluating  fracture  toughness  of  ceramics,  the  single  edge 
precracked  beam  (SEPB)  method1 1,21  is  regarded  as  the  most  reliable  technique 
in  Japan3 1 .  The  technique  is  based  on  the  single  edge  notched  beam  ( SENB ) 
method,  and  takes  advantages  of  the  indentation  technique.  The  procedure  of 
the  technique  to  create  a  precrack  is  as  follows.  A  crack  starter  is  made  on 
the  specimen  surface  along  a  line  which  is  perpendicular  to  the  specimen 
tensile  axis.  Vickers  indents  or  a  straight-through  notch  is  suitable  for  a 


starter.  Then  radial  cracks  or  a  notch  propagates  unstably  (pop  m)  forming  a 
precrack  by  a  bridge  indentation  loading  fixture11.  Therefore,  a  very  sharp 
precrack  is  created  like  natural  defects.  This  technique,  however,  has  a 
limit  such  that  precrack  making  is  difficult  in  some  toughened  ceramics  and  it 
needs  to  measure  a  precrack  length  on  a  fracture  surface.  In  limited  case,  it 


is  hard  to  measure  a  precrack. 

On  the  other  hand,  the  SENB  method  has  been  used  widely  because  of  its 
simple  concept,  simple  procedure  and  applicability  of  wide  variety  of  materials. 
But  the  fracture  toughness  evaluated  by  the  SENB  method  depends  on  the  notch 

root  radius41,51. 

The  indentation  strength  (IS)  technique  has  also  some  advantages; 
it  does  not  need  to  measure  a  precrack  length  on  a  fracture  surface. 
But  the  fracture  toughness  depends  on  the  indented  load. 

In  this  report,  we  propose  a  new  SENB  technique  using  a  V-shaped  notch  with 
very  sharp  root  radius  to  evaluate  a  fracture  toughness  of  ceramics  precisely. 
We  made  a  special  shaped  diamond  wheel  for  grinding  the  V-notch.  Fracture 
toughness  obtained  by  the  SENB(V)  technique  for  several  kinds  of  ceramics  are 
compared  with  the  values  measured  by  the  SEPB  method  and  the  IS  technique. 


199 


2.  Stress  distribution  around  a  V-notch  root 

It  is  well  established  by  the  liner  elastic  fracture  mechanics  that 
the  stress  distribution  around  a  crack  tip  has  a  square  root  singularity  and 
is  charaterized  by  the  stress  intensity  factor  (SIF)  exactly.  Likewise, 
the  stress  distribution  around  V-notch  has  a  sigularity.  For  a  finite 
plate  with  V-notch  under  tension,  it  is  known  that  the  distribution  keeps 
the  inverse  square  root  property  when  the  notch  angle  is  below  30  degrees^ ^ ' 6 ^ . 
Then,  the  stress  distribution  around  a  V-notch  is  also  characterized  by 
the  SIF  explicitly. 

A  notch  with  finite  root  radius,  has  no  singularity  at  the  tip.  However, 
the  stress  distribution  around  the  tip  can  express  by  a  SIF  like  a  crack  tip, 
by  Sifting  the  origin  of  the  coordinates  from  the  tip,  0,  to  the  inside  With 
P  /2,  0*,  and  by  taking  a  distance  r*  instead  of  r  to  the  point  considered, 
as  is  shown  in  Fig.  1.  The  longitudinal  (vertical)  stress  along  the  X-axis  at 
the  vicinity  of  the  notch  tip,  a  n  is  expressed  as  follows, 


K  i ,  n _  ^  1  +p/r 

(2  7i  r  )  *  (l+p/2r)3/2 


OSrSp/2  (1) 


where,  is  a  SIF  for  the  notch,  and  p  is  a  root  radius.  The  SIF  for  the 
notch,  Ki,n#  depends  on  the  notch  root  radius,  and  approaches  the  SIF  for  the 
sharp  crack,  Kj,  as  the  notch  root  radius  approaches  zero.  Therefore, 
it  is  expected  that  the  fracture  toughness  would  be  evaluated  precisely  by 
the  SENB  method  with  a  V-shaped  notch  of  very  sharp  root  raduis,  if  the 
unstable  fracture  initiates  in  a  similar  way  to  that  for  a  sharp  precrack. 

3.  Grinding  of  V-notch 

A  specially  formed  diamond  wheel  has  been  developed  for  the  purpose  of 
grinding  the  above  mentioned  V-notch,  as  shown  in  Fig. 2.  The  bonding  material 
of  this  wheel  is  metal,  the  diamond  grit  size  is  under  12/25  //m  (1000  mesh)  and 
the  concentration  is  100  (4.4  carats/cm^),  which  was  produced  by  Osaka  diamond 
industrial  Co.,  Ltd.  The  machine  used  for  grinding  V-notches  was  a 
computerised  numerical  controlled  slicer  equipped  with  hydrostatic  air  bearing 
and  its  workpiece  table  can  be  driven  at  minute  speed. 

Figure  3  shows  the  sectional  profile  of  the  ground  V-notch  on  a  silicon 
nitride  specimen.  The  curvature  of  the  root  is  16  yum.  In  this  grinding, 
setting  feed  rate  was  under  1  mm/min,  depth  of  cut  in  rough  grinding  was  1  mm 
per  pass  and  in  finishing  0.05  mm  per  pass. 


4.  Testing  method  and  results 

Specimen  configurations  were  3  weidth  x  4  height  x  40  (mm) length  (referred 
as  full  size),  and  3  x  4  x  20  (mm) (half  size).  The  surface  roughness  of  the 
specimen  was  less  than  0.8S.  Materials  used  were  gas  pressured  sintering 
silicon  nitride  (NTK , EC-1  41 ) ,  zirconia  alumina  composite ( ZAC )  ( NTK , UTZ-20 ) , 
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99.5%  PLS  alumina  (NTK,KP-990) ,  PLS  silicon  carbide  (Showa  Denko,Shoceram-C) , 
TiC-Cr3C2  based  composite  (Fujikoshi)  and  three  kinds  of  toughened  zirconia; 
material  A  with  Y2°3'  material  b  with  Ce02,  and  material  C  with  MgO. 

Three-point  bending  procedure  is  used  to  measure  fracture  toughness.  For 
the  full  size  specimen,  30mm  span  was  used.  Wakai's  equation0'  was  suitable 
for  the  stress  intensity  coefficient.  For  the  half  size  specimen,  16mm  span  and 
Srawley's  equation^  were  used.  Cross  head  speed  was  selcted  as  0.5mm/min. 

As  the  starter  of  the  precrack  for  the  SEPB  method,  one  lOkgf  Vickers 
indent  was  used  as  a  rule  to  avoid  the  effect  of  the  residual  stresses  around 
the  indent  on  the  fracture  toughness.  The  exceptions  were  the  TiC-Cr3C2  based 
composite  for  which  three  20kgf  indents  were  used,  and  the  toughened  zirconia 
for  which  three  50kgf  indents  or  shallow  slit  (0.1mm  width  and  0.5mm  depth) 
were  used.  The  precracks  from  the  starter  were  introduced  by  the  BI 
Precracker (Maruto) .  To  introduce  an  unstably  propagated  precrack  (pop-in 
crack),  we  cemented  an  AE  sensor  on  the  precracker  which  was  connected  with  an 
oscilloscope  to  catch  a  start  point  of  the  pop-in  crack.  After  precracking, 
a  dye  was  permeated  with  aceton  to  improve  the  visibility  of  the  precrack. 
The  length  of  the  precrack  was  measured  by  a  optical  microscope.  Requirements 
for  the  precrack  measurements  were  complied  with  ASTM  standards  (E399-81). 

Fracture  toughness  obtained  by  the  SENB(V)  and  SEPB  method  are  in  Table  1 
and  2.  Table  1  shows  the  results  for  the  several  kinds  of  structual  ceramics 
on  the  market.  In  the  table,  n  is  number  of  specimens  tested.  The  fracture 
toughness  obtained  by  the  SENB(V)  method  is  lower  than  the  ones  by  the  SEPB 
method  except  for  silicon  carbide.  The  differencies  between  the  two  methods 
are  quite  small  except  for  alumina. 

Table  2  shows  the  results  for  the  toughened  zirconia.  The  SEPB  method  did 
not  work  for  the  materials  B  and  C,  because  the  precrack  did  not  propagate 
from  the  starter  by  the  BI  Precracker.  The  fracture  toughness  of  the 
material  A  used  50kgf  Vickers  indents  is  smaller  than  others  by  its  residual 
stresses  around  the  indents. 

Figure  4  shows  the  indented  load  dependency  on  the  fracture  toughness 
measured  by  the  IS  method  for  silicon  nitride.  Specimens  had  JlS-typed 
3  x  4  x  40 (mm)  configuration.  The  values  are  higher  than  the  one  of  the  SEPB 
method,  5.8  MPam1/2,  and  show  a  little  dependence  of  the  indented  load. 
The  IS  method  is  regarded  as  a  suitable  technique,  particulary  under  high 
temperature,  because  of  unnecessity  of  measuring  the  precrack  length. 
However,  the  precrack  length  is  not  enough  to  avoid  the  residual  stresses 
around  the  indent,  and  the  IS  technique  is  based  on  a  semi-experimental 
equation1 ® 1 . 

Figure  5  shows  the  results  obtained  at  high  temperature  in  vacuum  for 
silicon  nitride.  The  error  bar  in  the  figure  shows  a  standard  deviations  of 
the  fracture  toughness.  Four  or  five  specimens  were  used  at  each  temperature. 
The  values  of  the  SENB(V)  method,  which  is  shown  by  empty  circle,  are  always 
lower  a  little  than  the  ones  of  the  SEPB  method,  shown  by  solid  circle. 
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Takahashi  et  al11*'12*  have  obtained  the  relation  of  fracture  toughness 
between  a  cracked  specimen  and  a  notched  specimen  as  follows,  based  on  a 
concept  of  the  local  fracture  criterion1 3  *  for  unstable  cleavage  fracture. 
Their  thought  is  that  a  cleavage  cracks  will  propagate  in  an  unstable  manner 
when  the  local  tensile  stress  at  a  point  of  the  distance  rQ  from  the  crack  tip 
exceed  a  critical  stress  a  Q.  The  relation  of  the  stress  intensity  factor  KIc 
is  expressed  as  follows  at  a  crack  tip, 


Jb  = 


Kic 


(2) 


(2n  re  )  ’'2 

By  the  same  manner,  when  the  stress  at  the  distance  rQ  from  a  notch  tip  reaches 
to  the  critical  value,  a  crack  will  propagate  unstably  from  the  notch  tip. 
Then  following  relation  is  obtained  from  eq.(1), 

Kc,n _  1  +p/r  b 


0a  = 


(3) 


(2 n  r b  )  1/2  (l+p/2re  )  3/2 
where, Kc  n  is  a  critical  stress  intensity  fracture  of  the  notch.  From  Eqs.(2) 
and  (3),  the  relation  of  the  fracture  toughness  between  a  crack  and  a  notch  is 
shown  as, 

Kc,n  _  (l+p/2ra)3'2 

___  .  .  (4) 


Kic 


(1  +p/2  ra)  3x2 
1  +b/re 


The  relation  is  expressed  in  Fig. 6. 

Table  3  shows  the  calculated  P/rQ  and  rQ(assuming  p  is  16jum)  from  Eq.(4), 
using  the  evaluated  Kc  n/KIC  ratio  for  each  materials.  In  the  table,  grain 
sizes  of  some  materials  are  also  shown.  The  value  of  critical  distance  rQ  is 
almost  the  same  as  the  grain  size  for  silicon  carbide  and  is  about  6  times  of 
the  grain  size  for  silicon  nitride.  Takahashi  et  al1 1 1  reported  that  the 
values  of  rQ  were  almost  2  times  of  the  grain  size  independently  of  the 
materials.  Kishimoto  et  al141  have  mentioned  that  rQ  was  about  6  times  of  the 
grain  size  for  silicon  nitride.  From  the  table,  critical  distances  rQ  seem 
to  be  depend  on  the  aspect  ratio  of  the  grain  size,  on  the  characteristics  of 
the  grain  boundary  layer,  or  on  the  amount  of  stable  crack  growth. 

The  mark,  A  *  in  Fig. 5  shows  the  modified  fracture  toughness  of  the  SENB(V) 
method  using  eq.(4),  where  6.0  //m  is  used  as  the  critical  distance  rQ.  These 
modified  values  are  agree  quite  well  with  the  SEPB  values  independently  on  the 
temperature . 


5.  Conclusions 

We  have  developed  a  single  edge  notched  beam  technique  using  a  very  sharp 
V-notch  for  evaluating  fracture  toughnesses  of  ceramics.  The  technique  has 
several  advantages  such  as  simple  procedures  of  testing,  applicability  to  a 
wide  variety  of  materials  and  suitableness  for  high  temperature  testing. 
Results  obtained  by  the  technique  agree  quite  well  with  the  values  of  SEPB 
technique  for  several  ceramics  by  using  the  modification  proposed  by  Takahashi 
et  al,  except  for  alumina. 
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Fig. 1.  Coordinate  around  a  notch  tip.  Fig. 3.  A  feature  of  the  V-notch  for  ShN4. 
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Fig. 2.  Special  shaped  diamond  wheel  for  a  V-notch. 


203 


Kc.n/Kic 


Tabic 


Fracture  toughness  obtained 
by  S E NB  < V)  and  SEPB  method. 

(MPam‘>) 


8 


Materials 

SENB  (V) 

SEPB 

(Indents) 

S  1  sN« 

6.  8  510.  I  7 
n« 1 0  full 

5.  8010.  1  3 
n  *  9  half 

ZAC 

6.  6 4 ± 0 .  19 
n  *  1 0  half 

6.  6  6 ±0.  1  8 
n  *8  half 

A  1  *0» 

3.  8 2±0.  1  4 
n- 1 0  half 

4.  4  810.  24 
n*8  half 

S  1  C 

2.  6  1  ±0.  1  4 
n  *6  half 

2.  2 3 ± 0 .  08 
n-3  full 

T  1  C-C  r»C* 

6.  0410.  28 
n*8  half 

0.  1  810.  1  1 
n*2  half 

Table  2. 


Practurc  toufhnecc  for  toughened 
a  1  r  c  o  n  1  a  c . 

(MP  am1'*) 


Mater  i  o  1  s 

SENB  (V) 

SEPB 
(,  1  1  t) 

SEPB 

(Indents) 

A  (Y»  0,) 

7.  0310.  07 

7.  1  1  10.  1  0 

6.  8610.  27 

B  (CeOt) 

7.  8210.  07 

u  o  a  b  1  e 

u  n  a  b  I  e 

C  (M  f  0) 

6.  4810.  12 

unable 

u  n  a  b  1  e 

Table  3 .  Recultc  of  the  SBNB  (V)  Method. 

Ratio  of  the  fracture  toufhnecc, 
Kc.n/Ktc  and  a  critical  dictance  re. 


Ma  t  e  r  1  a  I  s 

Kc.n 

Kic 

mm 

r»  (iiffl) 

Grain  die. 
(*im> 

S  1  »N< 

0.  874  1 

6.  9 

1.  2 

ZAC 

0.  8886 

6.  0 

- 

T  1  C-Cr.C* 

0.  87  1  1 

2.  85 

6.  0 

S  1  C 

1.  1258 

6.  88 

2.  8 

2.  6 

1  S  i»N«  (20T:  > 

0.  8470 

2.  1  1 

7.  6 

I  .  2 

*  (8i  or> 

0.  8816 

2.  44 

6.  6 

1.  2 

*  (iooot;) 

0.  8683 

2.  40 

8.  7 

I.  2 

V  (1200T;) 

0.  84  8  8 

2.  1  5 

7.  4 

1.  2 

*  in  vacuum  (10-*— 10'*  orr) 


Fig. 4.  Indented  load  dependence  on 
the  fracture  toughness. 


Fig. 5.  Fracture  toughness  at  high 
temperature. 
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Fig. 6.  Relation  between  Kc,n/Kic  and  p/ r«. 
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Abstract 

Multilayer  ceramic  capacitor  was  fabricated  by  infiltration  of  liquid  tin  through  porous 
NiO  of  which  the  surface  was  reduced  to  Ni.  Observed  morphology  of  fractured  surface 
indicated  a  perfect  infiltration  of  tin  metal.  The  measured  capacitance  and  dielectric  loss 
factor  imply  that  the  infiltered  tin  serves  the  purpose  of  internal  electrode. 

Introduction 

There  are  mainly  two  methods  for  the  fabrication  of  internal  electrode  of  multilayer 
ceramic  capacitor  (MLC),  i.e.,  the  co-sintering  of  dielectric  material  and  internal  electrode 
material  and  the  infiltration  process  of  internal  electrode  material  through  porous  layer 
after  the  sintering  of  the  dielectric  material [ 1 -3] . 

The  co-sintering  method  is  commonly  used  for  the  fabrication  of  MLC.  However  the 
co-sintering  method  has  some  problems  such  that  expensive  noble  metal  like  Ag-Pd  alloy  should 
be  used  to  prevent  the  reduction  of  BaTiO^-based  dielectric  materials  and  the  poor  adhesion 
between  dielectric  layer  and  electrode  layer  often  results  in.  In  order  to  overcome  the  cost 
and  adhesion  problem  the  infiltration  process  has  been  invented.  Although  the  cost  of 
electrode  materials  is  not  a  major  factor  for  the  fabrication  of  MLC  since  this  process  uses 
the  relatively  cheap  and  low  melting  metals  like  Pb-Sn  alloy,  more  elaborated  system  is 
required  to  infilterate  the  molten  metal  into  porous  layers.  High  pressure  system  is  needed 
to  push  the  molten  metals  into  porous  layers  because  the  molten  metals  do  not  wet  on  the 
surface  of  ceramic  dielectric  materials. 

Using  the  infiltration  process  for  the  fabrication  of  MLC  a  new  method  was  tested  in  this 
study  to  infilterate  the  molten  metal  not  by  high  pressure  system  but  by  capillary  rise  of 
molten  metal  wetted  on  the  surface  of  the  porous  layer  material.  To  this  end  the  surface 
properties  of  porous  layer  material  should  be  altered  to  be  wetted  by  the  infiltered  molten 
metal.  The  porous  layers  can  be  formed  by  many  methods  such  as  the  decomposition  of  inorganic 
salts  or  the  burning  of  the  mixture  of  organic  binder  and  oxide  materials.  In  any  case  the 
porous  layer  material  should  result  in  high  porosity,  mechanical  stability,  thermal  stability 
at  the  sintering  temperature  of  the  dielectric  materials,  and  reduciability  at  low  enough 
temperature  to  prevent  the  reduction  of  dielectric  materials. 

In  this  study  nickel  basic  carbonate,  which  decomposes  to  porous  NiO,  was  selected  as 
the  precursor  material  for  the  porous  layer  material  since  the  product,  NiO  is  thermally 
stable  at  the  sintering  temperature  ( 1 200-1 300°C)  and  is  easily  reduced  to  Ni  of  high  surface 
energy  in  reducing  atmosphere  at  low  temperature.  Wetting  behavior  of  molten  Pb,Sn,and  Pb-Sn 
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alloy  was  tested  by  Sessile  drop  method[4].  Improved  wetting  with  the  alteration  of  surface 
properties  made  the  infiltration  possible  under  1  atmosphere.  The  fabricated  MLC  by  this 
infiltration  process  indicated  good  enough  physical  and  electrical  properties  so  that  this 
method  has  the  high  potential  for  the  commerciaJization. 

Experimental 

In  this  study  two  major  experiments  were  carried  out;  i.e.,  wetting  contact  angle 
measurement  and  MLC  fabrication  by  infiltration. 

In  order  to  test  wettability  of  possible  internal  electrode  materials  on  the  surface  of 
porous  layer,  reagent  grade  NiO  powder  was  formed  as  the  disk  of  1/2  inch  diameter  and 
sintered  at  1330*0  for  2  hours,  and  then  annealed  at  500-800*  C  under  the  mixed  gas  of  C02/C0 
(5:0. 

Rectangular  parallelepiped  pieces  of  Pb,  Sn,  and  Pb-Sn(37:63  wt%)  were  placed  on  the 
NiO  disk  of  which  the  surface  had  been  reduced.  Heating  the  sample  in  an  apparatus  for 
infiltration  process  shown  in  Fig.1  formed  liquid  drop  on  the  disk.  The  contact  angle  between 
liquid  and  solid  was  measured  by  silhouette  technique^ ] . 

The  slurry  for  the  dielectric  layer  and  porous  layer  casting  was  prepared  by  mixing  the 
powder  and  organic  binders  as  is  indicated  in  Table  1 .  Tape  casting  was  used  to  form  thin 
layer  of  dielectric  materials  on  which  the  porous  layer  materials  were  to  be  screen-printed. 
After  sequential  stacking,  laminating,  and  cutting,  the  green  form  was  heated  to  burn-off 
the  organic  additives  to  600°C  with  a  heating  speed  of  30°C/hr.  The  calcined  sample  was 
sintered  in  air  at  1200°C  for  2  hours  and  annealed  at  750°C  in  the  gas  mixture  of  C02/C0(5;1) 
for  2  hours.  The  molten  liquid  metals  were  infilterated  by  dipping  the  evaculated  sample 
in  the  apparatus  shown  in  fig.1  MLC  fabrication  was  completed  with  attaching  the  external 
electrode  material (Ag- Pd  paste)  by  heating  at  850°C. 

X-ray  diffractometer  ( XRD ) ,  SEM,  and  Multi-Frequency  LCR  meter  were  used  for  the 
characterization  of  phases,  morphology,  capacitance,  and  dielectric  loss  factor. 

Results  and  Discussion 

The  phase  in  the  surface  region  of  NiO  disk  was  characterized  by  XRD  after  the  reducing 
treatment  at  700°C  in  C02/C0(5:1)  gas  mixture  for  0.5,  1,  2,  and  3  hours. 

The  samples  reduced  for  more  than  2  hours  showed  Ni  XRD  peaks  in  addition  to  the  NiO 
peaks . 

Fig. 2  shows  the  wetting  characteristics  for  low  melting  liquid  alloys  of  Sn,  Pb-Sn  alloy 
and  Pb.  As  seen  in  the  figure  Sn  is  most  easily  wetted  with  the  smallest  wetting  angle. 

After  the  infiltration  at  310°C  of  Sn  into  the  porous  layer  of  sintered  and  reduced 
sample  the  sample  was  fractured  to  observe  the  cross  sectional  morphology  and  infiltered  tin 
distribution.  SEM  micrograph  and  tin  mapping  (Fig. 3)  clearly  show  the  path  and  distribution 
of  infiltered  tin.  Measured  capacitance  for  MLC  having  infiltered  tin  inner  electrode  was 
about  70%  of  MLC  capacitance  calculated  with  the  known  relative  dielectric  constant,  1850 
of  the  dielectric  material  used  in  this  study. 

The  measured  capacitance  may  reflect  that  the  infiltered  tin  plays  perfectly  as  the 
internal  electrode  since  the  contact  area  covered  by  insulating  NiO  in  the  porous  layer 
linealy  reduces  the  capacitance.  The  measured  dielectric  loss  factor  for  the  MLC  fabricated  ■ 
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in  this  study  was  slightly  higher  than  the  one 'for  the  MLC  fabricated  by  the  co-sintering 
process.  This  higher  loss  factor  might  be  resulted  from  higher  conductivity  of  the 
infiltered  MLC  due  to  a  slight  reduction  of  BaTiO^-based  dielectric  material  at  reducing 

stage. 

Conclusion 

MLC  was  successfully  fabricated  by  infiltration  of  inner  electrode  material  through 

porous  layer  without  applying  high  pressure. 

NiO,  which  is  easily  reduced  to  Ni  having  high  surface  energy,  was  found  to  be  good 
porous  material  meeting  the  various  criteria  for  the  fabrication  of  MLC  based  on  BaTiC>3  as 
the  dielectric  material,  al . 

Among  the  tested  liquid  metals  tin  was  most  easily  wetted  and  infiltered  through  the 
porous  layer  of  the  NiO  of  which  the  surface  had  been  reduced  to  Ni. 
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Fig.  2.  Silhouette  photographs  of  low  melting  liquid  metals;  a)tin,  b)  lead  -tin  alloy, 

and  c)  lead  on  smooth  nickel  substrate  in  A r  atmosphere  reduced  from  nickel  oxide  for 
two  hours  at  700°C  under  the  mixed  gas  of  CO^/CO  (5:1). 


Fig. 3.  SEM  mic'rograph  (a)  and  tin  mapping  (b)  of  the  fracture  surface  of  tin-infiltered  MLC. 
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A  multilayer  CERAMIC  capacitor  (MLC)  with  copper  electrode  has 
been  realized  by  developing  new  dielectric  material  and  unique 

fabTheadielectricSraaterial  is  Pb-based  perovskite  ceramics  with  a-' 
site  excess  composition.  It  has  high  density  when  fired  at  the 

temperature  below  copper's  melting  po i nt( 1083  C >  ^libr \lm 

resistivity  even  when  exposed  in  the  atmosphere  of  the  equilibrium 
oxygen  partial  pressure  of  copper  s  oxidation  at  firing 

temTheafeatures  of  the  MLC’s  fabrication  process  are  to  use  copper 
oxide  for  the  starting  material  of  the  inner  electrode  and  to  fire 
in  the  atmosphere  controlled  oxygen  partial  pressure. 

In  the  obtained  capacitor,  the  thickness  of  the  dielectric 
lavers  was  17  micron  meter,  and  the  temperature  characteristic  of 
capacitance  met  to  Z5U  specification  of  EX*  standards 
Furthermore,  it  was  stable  under  d.c.  bias  voltage  and  high  a.c. 
field,  and  it  was  reliable  at  humidity  load  life  test. 

INTRODUCTION 

Recently,  in  the  MLC ' s  market,  the  requirement  for  miniaturization 
and  large  capacitance  has  been  growing  rapidly.  It  is  possible  to  meet 
the  requirement  by  multiplying  inner  electrode  layers.  However,  the 
cost  of  palladium  used  for  present  inner  electrode  is  very  hi8h’  then 
the  cost  of  the  capacitor  becomes  high  when  multiplying  the  inner 
electrode  layers.  Many  efforts  have  been  carried  out  for  that  problem. 

One  of  the  efforts  is  to  use  nickel  for  inner  electrodes  and 
modified  BaTiOo-based  ceramics  for  dielectric  materials  .  The  BaTiOg- 
based  dielectrics  have  resistance  to  reduction.  However,  nlc^®  3 
magnetic  metal  and  the  BaTi03-based  dielectrics  are  not  as  stable  as 
Pb-based  dielectrics  under  d.c.  bias  voltage  and  high  a.c.  field. 

The  other  one  of  the  efforts  is  to  use  Ag-Pd  alloy  for  inner 
electrodes  and  Pb-based  dielectrics  that  can  be  sintered  at  low 
temperature2.  The  Pb-based  dielectrics  are  more  stable  under  d.c.  bias 
voltage  and  a.c.  field  than  the  BaTi03-based  dielectrics. 
Additionally,  Ag-Pd  alloy  can  be  fired  in  air.  However,  Ag  migrates 
easily  under  d.c.  bias  voltage,  and  Ag-Pd  alloy  is  more  expensive  than 
base-metal.  Nickel  does  not  migrate  easily,  but  the  equilibrium 

oxygen 6 partial  preaaure  of  ita  oxidation  ia  lower  than  that  of  lead's 
oxidation.  So  nickel  con  not  be  fired  with  Pb-based  materials.  The 
equilibrium  oxygen  partial  pressure  of  copper  s  oxidation  is  hig  e 
than  that  of  lead's  oxidation.  Additionally,  copper  has  low  cost  and 
low  electrical  resistivity.  Therefore  we  have  investigated  to  use  the 
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copper  for  MLC's  inner  electrode3-5 . 

In  this  paper,  we  describe  about  the  resistance  to  reduction  of  the 
Pb-based  dielectrics  that  we  have  developed,  the  unique  fabrication 
process  of  the  MLC  with  copper  inner  electrode,  and  the  influence  that 
the  process  gives  to  the  MLC's  characteristics. 

EXPERIMENTAL  PROCEDURE 

1.  Measurement  of  electrical  conductivity  at  high  temperature 


The  composition  of  the  dielectrics  using  for  the  measurement  was  a 
solid  solution  of  Pb(Mg1/3Nb2/3)03-PbTi03-Pb(Ni1/2W1/2)03  ternary 
system.  The  curie  point  is  near  room  temperature,  and  the  temperature 
characteristic  of  the  dielectrics  meets  to  Z5U  specification  of  El  A 
standards.  We  investigated  two  kinds  of  composition.  One  was  chemical 
stoichiometric  composition; (a)  Pb1>0  (M8x/3Nb2/3^0.8  Ti 0.125 
(Nii/2Wi/2)o  075  0‘  and  the  otber  one  was  a_site  excess  composition 
of  perovskite  adding  calcium;(b)  Pbi.oCa0.03  (M8l/3Nb2/3^0.8  Ti0.125 
(Nix/ 2^ i /2 )o . 075  ®3.03* 

The  calcined  powder  of  the  dielectrics  was  obtained  as  followed. 
Firstly,  MgO  and  Nb203  powders  were  mixed  and  calcined  at  1000°C  to 
obtain  MgNb2066.  The  obtained  MgNb206  and  other  starting  oxides  or 
carbonate  were  mixed,  calcined  at  750-800°C  for  2  hours,  ground,  and 
pressed  into  rectangles.  The  pressed  bodies  were  put  into  MgO  vessel 
with  many  amount  of  the  calcined  powder  of  same  composition  to  prevent 
the  vaporization  of  PbO,  and  then  sintered  in  air.  Sintering 
temperature  was  1050°C  for  the  composition  (a)  and  900°C  for  the 
composition  (b).  The  sintering  bodies  were  polished  into  rectangle  of 
10x4x0. 6mm  ,  then  electroded  with  platinum  paste  not  containing  glass 


f  r it . 

.  On  e  of  that  was  fit  to  the 
device  as  shown  in  Fig.l,  then 
inserted  into  a  tube  furnace.  The 
electrical  conductivities  at  high 
temperature  were  measured  by  four 
probe  method.  The  oxygen  partial 
pressure  was  monitored  by  oxygen 
sensor  of  partial  stabilized 
zirconia  set  above  the  sample,  and 
controlled  by  changing  the  ratio  of 
C02  and  CO  gases  in  carrier  N2  gas. 

By  that  method,  we  measured  the 
change  of  electrical  conductivity 
versus  oxygen  partial  pressure  at 
various  temperatures  from  700  to 
925°C. 


Zirconia 


Fig.l  Device  of  measuring 
conductivity  at  high  temperature. 


2.  Fabrication  process  of  MLC 

The  calcined  powder  of  the  dielectrics  was  obtained  as  described 
before.  The  composition  was  Pbi.oCa0.01  ( M8 1/ 3  N  b  2 / 3 ^0 . 8  Ti0.125 
(Nil/2Wl/2^0 .075  °3.01*  The  obtained  powder,  butyral  resin,  and 
organic  solvent  were  *mixed  to  make  slurry.  After  making  green  sheets 
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by  doctor-blade  method,  the  paste  composed  by  CuO  and  ethyl-cellulose 
was  printed  on  them,  and  they  were  laminated.  Then  "they  were  pressed 
and  cut  into  individual  raw  chips.  The  chips  were  burned  out  in  air. 
If  using  copper  metal  for  inner  electrode  paste,  it  is  oxidized  and 
expanses  during  burning  out  in  air,  then  the  laminated  bodies  are 
broken.  In  the  case  of  burning  out  in  the  atmosphere  not  to  oxidize 
copper  metal,  the  organic  components  are  carbonized,  then  they  reduces 
the  dielectrics  strongly  during  firing  process.  For  that  reasons,  we 
have  chosen  the  CuO  paste  for  inner  electrode.  After  that,  the  CuO  of 
inner  electrode  in  the  chips  was  reduced  to  metal  by  heating  at  600°C 
in  the  atmosphere  of  N2  flow  gas  containing  several  hundreds  ppm  of  H2 
gas.  The  chips  were  put  in  MgO  vessels  with  covers,  inserted  into  a 
tube  furnace,  and  then  fired  at  1000°C.  The  oxygen  partial  pressure  in 
the  furnace  was  controlled  by  changing  the  ratio  of  H2  and  O2  gases  in 
carrier  N2  gas.  The  fired  chips  were  coated  with  copper  paste,  and 
baked  in  N2  gas  to  form  terminations. 

We  investigated  the  influence  that  H2  content  in  N2  gas  during 
reducing  the  inner  electrode  and  partial  oxygen  pressure  at  firing 
gave  to  characteristics  of  obtained  MLCs. 


RESURLTS  AND  DISCUSSION 

Fig. 2  shows  a  comparison  of 
the  conductivity  change  versus 
the  oxygen  partial  pressure 
for  stoichiometric  composition 
(a)  and  a-site  excess 
composition  (b)  at  various 
temperatures.  In 

stoichiometric  composition 

(a) ,  with  decreasing  of  the 
oxygen  partial  pressure,  the 
conductivities  decreased,  then 
soon  increased.  That  implies 
electrical  conduction  type 
changes  from  p-type  to  n-type. 

In  a-site  excess  composition 

(b) ,  there  were  the  regions  that 
conductivities  did  not  change  to 
oxygen  partial  pressures,  therefore 
the  oxygen  partial  pressure  that  n- 
type  conduction  appeared  was 
shifted  to  lower  than  in 
stoichiometric  compositions.  The  n- 
type  conduction  is  due  to  electron 
formed  by  the  oxygen  removed  from 
crystal  lattice.  It  is  considered 
that  the  a-site  excess  compositions 
has  resistance  to  reduction,  since 
the  removal  of  oxygen  is 
suppressed . 

Fig. 3  shows  changes  of  the 
oxygen  partial  pressure  that  n-type 


Fig. 2  Change  of  conductivities  to 
oxygen  partial  pressure  at  various 
temperatures . 


Fig. 3  Temperature  dependence  of  the 
oxygen  partial  pressure  that  n-type 
conduction  appears. 
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conduction  appeared  to  temperature 
for  the  composition  (a)  and  (b). 
Simultaneously,  equilibrium  oxygen 
partial  pressure  of  copper’s 
oxidation  is  shown  by  dashed  line. 
In  a-site  excess  composition,  the 
oxygen  partial  pressure  that  n-type 
conduction  appears  is  in  the  region 
that  metal  copper  is  stable.  The 
results  show,  exposing  in  the 
equilibrium  oxygen  partial  pressure 
of  copper’s  oxidation,  the 
dielectrics  with  a-site  excess 
composition  doesn’t  show  n-type 
conduction  and  keeps  high 
resistivity.  Therefore  the 
dielectrics  can  cofire  with  copper 
electrode. 

Fig. 4  shows  the  capacitance  and 
CR  product  of  MLCs  fired  after 
reduced  inner  electrode  to  metal  at 
various  H2  gas  contents.  In  this 
experimental  conditions,  good 
characteristics  were  obtained  when 
reduced  at  the  H2  gas  content 
between  600  and  650  ppm.  In  order 
to  reduce  inner  electrode  to  metal 
without  reducing  the  dielectrics, 
it  is  necessary  to  control  H2  gas 
content  exactly. 

Fig. 5  shows  the  capacitance  and 
resistance  of  MLCs  fired  at  various 
oxygen  partial  pressures  after 
reduced  through  best  condition. 
When  fired  at  the  oxygen  partial 
pressure  above  1  0  ~  *  P  a  ,  the 
capacitance  and  resistance  became 
low.  The  reason  is  considered  as 
follow.  The  inner  electrode  was 
partial  oxidized  and  diffused  to 
dielectric  layers,  since  the  oxygen 
partial  pressure  is  higher  than  the 
equilibrium  oxygen  partial  pressure 
of  copper’s  oxidation  during 
firing.  Therefore,  continuity  and 
area  of  electrode  was  lost.  When 
fired  at  the  oxygen  partial 
pressure  below  1  0”^Pa  ,  the 
capacitance  became  low.  The  reason 
is  considered  as  follow.  PbO 
containing  in  dielectric  layers  is 
reduced  to  metal  Pb,  since  the 
oxygen  partial  pressure  is  lower 


Fig. 4  Relation  between  II 2  gas 
content  of  reducing  inner  electrode 
and  obtained  capacitance  and  (5  R 
product  of  the  MLCs, 


P02  (Pa)  f 


Fig, 5  Relation  between  oxygen 
partial  pressure  at  firing  and 
obtained  capacitance  and  resistance 
of  the  MLCs. 


Table  1  Example  of  characteristics 
in  the  obtained  MLC. 


Capacitor  size  (mm) 
Number  of  layer 

Thickness  of  dielectrics 

(u  m) 

3.2x1 .6x0.7 
20 

17 

Capacitance  (nF) 

280 

tan  6  (Z) 

0.6  in 

Insulating  resistance  (  Q  ) 

5xl010 

CR  product  (  F) 

14000 

Break  down  voltage  (V) 

>500 

Temperature  coefficient 

-25  20  °C 

-14 

of  capacitance 

(2) 

20  85 

-52 

Capacitance  change  rate 

15  V 

+  9 

under  d.c.  bias  voltage 

(2) 

25 

-28 

50 

-61 
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than  the  equilibrium  oxygen  partial 
pressure  of  Pbfs  oxidation  during 
firing.  The  metal  Pb  contacted  with 
inner  electrode  reacts  with  copper 
of  inner  electrode  to  form  the 
liquid  phase  of  Pb-Cu  alloy,  and 
then  becomes  segregated  droplets. 
The  best  region  of  oxygen  partial 
pressure  at  firing  was  between  10“ 
and  lO^Pa.  It  contains  the  region 
that  expected  by  the  results  of 


Fig. 3. 

Table  1  shows  an  example  of 
MLC’s  characteristics  obtained 
t  h  r'o  ugh  the  best  fabrication 
process.  The  MLC  had  good 
characteristics.  The  temperature 
coefficient  of  capacitance  met  to 
Z5U  specification  of  ElA  standards. 

Fig.  6  shows  the  change  of 
capacitance  with  d.c.  bias  voltage 
and  Fig. 7  shows  the  change  of 
capacitance  and  loss  tangent  under 
high  a.c.  field  comparing  with  that 
of  BaTiOg-based  systems.  The  both 
characteristics  of  the  obtained 
MLC’s  were  better  than  that  of  the 
BaTiO^-based  systems. 

The  equivalent  serial  resistance 
that  obtained  by  measurement  of 
frequency  dependence  ofthe 
impedance  was  about  22xlO“Johm. 
Furthermore,  in  the  humidity  load 
life  test  of  MLCs  without  molding, 
it  was  good  reliability  over  2000 
hours.  The  migration  as  shown  in 
Ag-based  electrode  was  not 
observed. 


Fig. 6  Capacitance  change  rate  under 
d.c.  bias  voltage. 


l _ » _ . - 1 - . — 

0  100  200 


A.C.  Volttage  (Vrms./mm) 


Fig. 7  Capacitance  change  rate  and 
loss  tangent  under  various  a.c. 
field. 


SUMMARIES 


(1)  The  Pb-based  dielectrics,  that  we  had  developed,  had  a-site  excess 
composition,  could  be  sintered  below  copper’s  melting  point,  and  had 
resistance  to  reduction.  They  could  cofire  with  copper. 

(2)  We  developed  a  unique  process  fabricating  MLCs  with  copper 
electrode.  It  was  the  process  that  the  printed  CuO  electrode  was 
reduced  to  metal  after  burned  out  in  air  and  then  fired  in  the 
atmosphere  controlled  oxygen  partial  pressure. 

(3)  The  obtained  MLCs  had  many  excellent  characteristics.  They  showed 
superiorities  of  copper  and  Pb-based  dielectrics  comparing  with  other 
materials . 
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EFFECT  OF  EXCESS  MgO  ON  THE  DIELECTRIC  PROPERTIES  OF 
Pb(Mgi^3Nb2/3)03  CERAMICS 
Kang  D.  H.  and  Yoon  K.  H» 

Yonsei  University,  Department  of  Ceramic  Engineering 
134  Shinchon-dong,  Seodaemun-gu,  Seoul  120-749  »  Korea 

The  dielectric  properties,  such  as  dielectric  constant,  dissipation  factor, tor, 
diffuseness  coefficient,  remanent  polarization,  coercive  field,  and  phase 
analysis  of  lead  magnesium  niobate  (PMN)  ceramics  have  been  studied  as  a 
function  of  the  amount  of  excess  MgO  in  the  range  of  0  to  90  m/o. 

With  the  addition  of .up  to  5  m/o  excess  MgO,  the  pyrochlore  phase  was  elimi¬ 
nated,  and  the  dielectric  constant  increased  greatly.  However  the  dielectric 
constant  decreased  for  greater  than  10  m/o  excess  MgO  even  when  no  pyrochlore 
phase  was  found  to  be  present.  The  dielectric  constant  decreased  with  incr¬ 
easing  diffuseness  of  the  phase  transition. 


Introduction 

It  is  well  known  that  the  perovskite  relaxor  ferroelectric  lead  magnesium  niobate (PMN, 
Pb(Mgi/3Nb2/,3)03)  exhibits  unusually  high  dielectric  constants  making  it  attractive  material 
for  various  dielectrics  and  electrostrictive  applications (1) .  However,  reproducible  fabrica¬ 
tion  of  PMN  ceramics  is  difficult  due  to  the  inevitable  appearance  of  a  stable  pyrochlore  ph¬ 
ase  (  Pb~.Nb.0-,  Pb-Nbo0o ,  Pb-Nb^O-,  etc.  ).  A  number  of  methods  have  been  tried  to  eliminate 
the  pyrochlore  phase  (2,3) .  Moreover  earlier  studies  have  shown  that  the  dielectric  propert¬ 
ies  of  PMN  ceramics  are  generally  influenced  by  ceramic  fabrication  processing,  powder  purity 
and  composition  (  excess  PbO,  MgO  contents  )  etc. (4,5,6) 

In  this  study,  PMN  ceramics  with  both  40  m/o  excess  PbO  and  excess  MgO  in  the  range  of 
0  to  90  m/o  were  prepared  and  their  dielectric  properties  and  microstructures  investigated 
with  compositions. 

Experimental 

Ceramic  specimens  were  prepared  from  reagent  grade  PbO,  MgO  and  Composi¬ 

tions  were  selected  so  that  the  effect  of  excess  MgO  could  be  determined,  as  shown  in  Table  L 
The  fabrication  process  for  PMN  is  referred  to  as  the  mixed  oxide  procedure,  apart  from  the 
addition  of  excess  PbO  after  the  calcining  step  at  800°C  for  4  hrs.  Polyvinyl  alcohol  was 
added  as  a  binder  and  the  powder  was  cold-pressed  into  disks.  Following  binder  burn  out  at 
500°C,  the  pellets  were  sintered  for  4  hrs.  at  900°C  (P-0  to  P-7) ,  but  the  3 PMN  specimen  with 
no  excess  PbO  added  (NP)  was  sintered  at  1000°C.  The  pellets  were  buried  in  powder  of  the 
same  composition  to  minimize  material  loss  during  sintering.  The  phase  present  in  the  sinter¬ 
ed  pellets  were  analyzed  by  X-ray  diffraction  pattern  and  the  relative  amounts  of  the  pyroch¬ 
lore  phase  and  the  perovkite  phase  were  deterrqined  by  measuring  the  major  X-ray  peak  intensi- 


Table  1  Composition  of  Specimens 


ties  for  the  perovskite  and  pyrochlore 
phases,  (110)  and  (222)  respectively,  using 


the  formula,  (2) 

Specimen  No. 

Excess  MgO 

Composition 

I  x  100 

9Lrim — nrcL-i  +-ri  — 

NP 

0 (m/o) 

3  PMN 

cperovsKite  - 

(I  +  I  ) 

perov.  pyro. 

P-0 

0 

3.4PMN 

P-1 

2 

3.4P1.02MN 

P-2 

5 

3.4P1.05MN 

P-3 

10 

3.4P1.1  MN 

Polished  and  fractured  sections  were  examined 

P-4 

20 

3.4P1.2  MN 

by  a  SEM  equipped  with  an  EDX.  And  etching 

P-5 

50 

3.4P1.5  MN 

with  5%  HCl  +  0.5%  HF  for  10  mins,  were  used 

I 

P-6 

70 

3.4P1.7  MN 

to  reveal  the  .grain  boundary.  The  mean  grain' 

sizes  were  determined  by  the  linear  intercept: 

P-7 

90 

3.4P1.9  MN 

method.  For  dielectric  measurements  were  carried  out  using  a  LCR  meter  and  the  dielectric 
hysteresis  loop  were  observed  by  using  the  Sawyer  -  Tower  circuit. 

Results  and  Discussion 

Fig.  1  shows  XRD  patterns  of  3PMN  specimen  and  3.4PMN  series  specimens.  The  phase 
present,  density  and  grain  size  variation  with  compositions  is  also  shown  in  Fig.  2. 

The  formation  of  pyrochlore  phase  which  mainly  caused  by  the  volatilization  of  PbO  during 
sintering  process  was  suppressed  with  excess 
PbO  addition  (Fig.l  (A) , (B) ) .  Furthermore 
the  density  and  grain  size  increased  slightly 
due  to  the  liquid  phase  sintering  as  shown  in 
Fig.l,  2.(7)  The  relatively  large  amount  of 
pyrochlore  phase  (9%)  present  initially  was 
eliminated  completely  above  the  5  m/o  excess 
MgO  added  PMN (Fig.l  (C) ) .  No  pyrochlore  phase 
was  observed  with  further  addition  of  excess 
MgO.  Such  a  conplete  elimination  of  the  py¬ 
rochlore  phase  can  be  explained  as  a  consequ¬ 
ence  of  the  compensation  for  poor  dispersabi- 
lity  and  reactivity  of  MgO  through  the  addit¬ 
ion  of  excess  MgO (4) .  In  the  compositions 
with  higher  than  70  m/o  excess  MgO,  the  MgO 
peak  appeared  as  shown  in  Fig.  1  -(E) . 

In  Fig.  2  shows  that  the  density  tends 
to  increase  with  excess  MgO  nearly  up  to  5-10 
m/o  and  then  decrease  sharply  with  increasing 
excess  MgO.  Also  grain  size  increased  to 
3.4P1.05MN  (8)  and  then  grain  growth  inhibita- 
tion  occurred  in  PMN  above  10  m/o  excess  MgO, 
which  is  shown  in  SEM  photographs  of  the  pol¬ 
ished  and  etched  surfaces  in  Fig.  3. 


•PMN 


60  50  40  30  20 

2  0 


Fig.  1  XRD  patterns  of  (A)  3 PMN  sintered  at 
1000°C,and  (B)  3.4PMN,  (C) 3.4P1.05MN, 
(D) 3 .4P1.2MN,  (E) 3.4P1.7MN  sintered 
at  900°C. 
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We  could  not  find  a  precipitated  second  phase 
when  the  excess  MgO  was  added.  However  the 
fractured  surfaces  in  Fig.  4  show  the  preci¬ 
pitated  MgO  rich  second  phase  (b)  which  was 
analyzed  by  EDX.  The  reason  for  the  increase 
of  grain  size  up  to  3.4P1.05MN  is  probably  due 
to  the  fact  that  the  pyrochlore  phase  distri¬ 
buted  in  grain  boundaries  was  removed'  by  the 
addition  of  excess  MgO (4) .  But  when  the 
excess  MgO  exceeded  10  m/o,  the  grain  growth 
was  inhibited  due  to  the  precipitation  of  the 
MgO  rich  second  phase(9). 

The  dielectric  properties,  such  as  Kmax, 
tantf  &  t  pr'  and  Ec  wi^h  compositions 

are  repoted  in  Table  2.  The  increase  in  Kmax 
with  addition  of  excess  PbO  can  be  attributed 
to  the  decrease  in  the  pyrochlore  phase  and 
the  improvement  in  sinterability (7) . 

However,  the  behavior  of  the  dielectric  proper¬ 
ties  in  all  of  these  compositions  can  not  be 
simply  explained  by  the  pyrochlore  phase, 
because  the  Kmax  decreased  with  the  addition 
of  MgO  in  excess  of  10  m/o  even  no  pyrochlore 
phase  was  found  to  be  present.  So  in  this 
work,  the  increase  of  Kmax  in  the  range  of 
0  -  5  m/o  excess  MgO  can  be  explained  by  the 
increase  of  grain  size,  density  and  also  the 
removal  of  the  pyrochlore  phase. 


Qnp)  0  2  5  10  20507090 

Amount  of  excess  MgO(m/o) 


Fig.  2  Density,  Grain  size  and  Perovskite 
phase  vs.  amount  of  excess  MgO  in 
3.4PMN  series  specimens. 
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Fig.  3  5EM  photographs  of  (A)  3.APMN,  (B)  3.4P1.05MN  and  (C)  3.4P1.7MN.  (polished  and  etch<°^'  hed) 


21  fq 


Average  grain  size(um) 


Fig.  4  SEM  photographs  of  (A)  3.4PMN,  (B)  3.4P1.05MN  and  (C)  3.4P1.7MN  (fractured  surfaces) 
(  a  ?  PMN  matrix  ,  b  ;  MgO  rich  second  phase  ) 


The  grain  size  dependency  is  relat-  Table  2  Dielectric  properties  of  the  PMN  series  specimens 
ed  to  the  relative  volume  of  grain 


boundary  with  lower  K  (pyrochlore, 
MgO,  PbO,  impurities  etc.),  which 

Specimen 

No. 

K 

max 

tan  i  25oc 

s 

P 

r  2 
(uC/cm  ) 

E 

c 

(kV/cm) 

is  electrically  connected  in  series 

NP 

4500 

0.006 

81 

5.1 

4.4 

with  the  bulk  of  the  grain  (8) . 

P-0 

10200 

0.003 

59 

5.7 

4.2 

For  greater  than  10  m/o  excess  MgO 

P-1 

10800 

0.002 

55 

6.2 

4.2 

the  decrease  in  K^x  is  believed 

P-2 

13200 

0.001 

52.8 

6.6 

4.0 

\.o  be  due  to  the  decrease  of  grain 

P-3 

12500 

0.001 

53.4 

6.4 

3.92 

size  and  density,  especially  the 

P-4 

12010 

0.003 

59.2 

5.2 

3.8 

precipitation  of  the  second  phase 

P-5 

10780 

0.002 

61.6 

5.3 

3.95 

as  indicated  in  Fig.  4. 

P-6 

10060 

0.004 

62.3 

5.0 

3.98 

The  value  of  tan  S  at  25°C  increased 

P-7 

9980 

0.004 

63.4 

5.2 

4.1 

slightly  with  increase  in  excess  - — — — 

MgO,  which  is  related  to  micros true tural  losses  arising  from  the  precipitation  of  second 
phase  and  the  decrease  in  density (3).  The  diffuseness  coefficient ) ,  which  indicates  the 
intensity  of  the  diffused  phase  transition  has  been  calculated  and  is  presented  in  Table  2. 
The  lower  Kmax  corresponded  to  an  increase  in  6  •  The  Pr  determined  from  the  hysteresis 
loop  near  -40°C  increased  up  to  a  composition  of  5-10  m/o  excess  MgO  addition  and  then  decre¬ 
ase,  which  probably  can  be  explained  by  the  grain  size  effect (10) .  Also  the  value  of  the 
temperature  coefficient  of  capacitance  (TCC)  for  all  compos it ions  were  found  to  be  within 
the  limits  of  Z5U  capacitor  specifications. 


Conclusions 

With  the  addition  of  up  to  5  m/o  excess  MgO,  the  pyrochlore  phase  in  PMN  ceramics  was 
completely  eliminated.  Also  the  dielectric  constant  and  remanent  polarization  increased 
with  increasing  grain  size  and  density.  But  for  greater  than  10  m/o  excess  MgO. 


219 


the  dielectric  constant  decreased  with  excess  MgO,  mainly  due  to  the  increase 
in  concentration  of  the  precipitated  MgO  rich  phase  as  the  second  phase,  and 
decrease  of  density  and  grain  size. 
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